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ETTRINGITE FROM FRANKLIN, NEW JERSEY* 


CoRNELIUS S. HurLBvt, JRr., Harvard University, AND JOHN L. 
Baum, The New Jersey Zinc Co., Franklin, New Jersey. 


ABSTRACT 


Ettringite at Franklin, New Jersey occurs as white to colorless crystals 2-3 millimeters 
across with the only crystal form {1012}. The axial ratio determined from their measure- 
ment is @:¢=1:0.9554. Specific gravity is 1.77 (meas); 1.79 (cal). Perfect {1010} cleavage. 
Optically (—), o=1.491, e=1.470+0.001. After heating to 110° C, optically (+), #=1.538 
e= 1.541. Chemical analysis: CaO 27.3, AlO3 5.1, SiO». 3.1, SO; 12.8, BO; 3.2, H2O 48.6, 
Total 100.1. A general formula can be written: Cag(Si, Al, B)3(SO4)2(O, OH)12(OH)4: 26H20 
of which there are 8 formula weights per unit cell. The unit cell dimensions are ap= 22.28 A, 
6o= 21.29 A giving a ratio ap:co=1:0.9556. 


INTRODUCTION AND OCCURRENCE 


During the latter part of 1945 an occurrence of unusual minerals was 
encountered in the Franklin mine of The New Jersey Zinc Company at 
Franklin in Sussex County, New Jersey. Immediately above the 800 ft. 
level, about 15 feet in the ore from the hanging wall, and close to the 
north side of the Palmer shaft pillar, the occurrence was noticed by the 
miners and called to the attention of the geologist. Specimens were col- 
lected for eventual study from the vein system which was arranged in an 
H pattern and connected with a potash feldspar zone above. The veins, 
a foot or so wide, consisted largely of andradite garnet and mangano- 
phyllite but there were local concentrations of hancockite near the floor 
and of other silicates and native copper closer to the feldspar above. The 
silicates such as roeblingite, hancockite, clinohedrite, xonotlite, rhodo- 
nite, thompsonite and datolite post date emplacement of the feldspar 
and represent a reworking of the adjacent veins by solutions which have 
corroded cavities and formed spongy zones in the garnet-mica vein sys- 
mem. Fig. 1. 

Conspicuous among the crystallized minerals in the cavities were white 


* Contribution no. 398 from the Department of Mineralogy and Petrography, Harvard 
University. 
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to partially clear crystals of ettringite with the only form a low hexagona 
dipyramid. Since these crystals were quite unlike any other mineral de-| 
scribed from Franklin, they were not immediately identified. The most 
spectacular specimens show a surface of minute light brown muscovite 
crystals coating the cavities in garnet-manganophyllite vein rock. On 
this surface clinohedrite crystals nearly a half inch in diameter are ac- 
companied by white tufts of thompsonite and crystals of ettringite at- 
tached by an edge. Subsequently additional material came to light else~ 
where in the mine and was collected for its fluorescence due to admixed 


clinohedrite. Crystals of ettringite in the second occurrence completely 


coated the 2 inch by 4 inch surface preserved, but they are etched and 
unsuited for measurement. 


te bet 
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HANCOCKITE 
GARNET 
MICA 
ZEOLITES 
COPPER 
ROEBLINGITE 
ETTRINGITE 
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Fic. 1. Vein system of banded ore. 


PHYSICAL PROPERTIES 


The Franklin ettringite has as the only crystal form the flattened 
hexagonal dipyramid, {1012}, (Fig. 2). This is a habit heretofore not 
described for ettringite, although the form was observed by Lehmann 
(1874) and noted in the original description of the mineral. The largest 
crystals are 4 millimeters across whereas the average size is between 2 
and 3 millimeters. A few are colorless and transparent and give excellent 
signals on the reflecting goniometer but most are milky white with etched 
and pitted faces. The measured p angle of {1012} is 28°53’ giving an 
axial ratio of a:¢c=1:0.9554. This compares well with an axial ratio of 
a: ¢o= 1:0.9556 derived from x-ray measurements. 
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Fic. 2. Ettringite crystal. 


The specific gravity of the Franklin ettringite is 1.77 as measured by 
the suspension method in a mixture of bromoform and acetone. (Calcu- 
lated specific gravity, 1.79.) There is perfect {1010} cleavage. The opti- 
cal properties are at greater variance from published data than the other 
-physical properties and are shown in Table 1 compared with those of 
ettringite from Scawt Hill and Ettringen. The indices of refraction of the 
Franklin mineral were obtained on colorless crystals; those of white 
crystals are slightly higher. 

Both the refractive indices and birefringence of the Franklin ettringite 
are considerably greater than ettringite from Scawt Hill and Ettringen. 
Larsen and Berman (1934) give the indices of refraction as w=1.488, 
e=1.474 which Bannister (1936) suggests were probably obtained on 
partially dehydrated material. This seems unlikely for as the mineral 
dehydrates ¢ increases more rapidly than w and the birefringence becomes 
less. Although the source of the Larsen and Berman material is unknown, 


TABLE 1. OpricAL PROPERTIES OF ETTRINGITE 


; 1 2 3 4 
peat Franklin Scawt Hill Ettringen Synthetic 
w 1.491 1.4655 1.4661 1.464 
€ drop 29-004 1.4618 1.4612 1.458 
uniaxial uniaxial uniaxial uniaxial 
() (ee) () Ge) 
After heating to 110° C. 
w 1.538 1.50 meanindex 1.513 
1.541 Ts22 
uniaxial uniaxial uniaxial 


(+) (+) (+) 


1. Determined during present study. 

2. Bannister (1936) by minimum deviation. 

3. Brauns (1922). Indices after heating determined during present study. 
4, Lerch, Ashton and Bogue (1929). 
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it is probable that the indices reported by them were obtained on a min-+ 
eral approaching the Franklin ettringite in composition. 


CHEMICAL COMPOSITION 


A chemical analysis of the Franklin ettringite was made by Mr. Jun Tto 


on 800 milligrams of carefully selected material, mostly colorless crystals S| 


) 


The analysis is compared in Table 2 with earlier analyses. 


TABLE 2. CHEMICAL ANALYSIS OF ETTRINGITE 


1. Franklin 2. Scawt Hall 3. Ettringen 
CaO Dien 26.6 Dif ool 
Al.O3 Digit 7.0 7.76 
SiO: Sil 
SO; 12.8 18.8 16.64 
B:O; Biot 
HO — 39.4 
H.O-+ ORD 46.3 45.82 
CO, Trace 0.8 
Total 100.1 99.5 97.49 
Sp.G. Le EO) il Cae. 1.750 


1. Franklin, N. J. Jun Ito analyst. 
2. Scawt Hill, Antrim County, Ireland, M. H. Hey analyst in Bannister (1936). 
3. Ettringen, Germany, Lehmann (1874). 


The presence in the Franklin ettringite of B2O3 and SiO: and lesser 
amounts of Al,O; and SO; than in other ettringite argue that this mineral 
might be regarded as a new species. However, since in all its crystallo- 
graphic and physical properties it corresponds to those of ettringite, it 
seems wise to consider it a variety rather than a new mineral. 

The formula for the Franklin ettringite, adhering closely to the chemi- 
cal analysis can be written expressing the content of the unit cell as 
follows: 


Cays[SiO;(OH) |,{ AKOH) 4]10[ B(OH) .]9[SO4]16{ (OH)4]s-208H20 
The following general formula for the Franklin mineral (1) for which 


there are 8 formula weights per unit cell compares with the accepted 
formula of ettringite (2) as: 


1. Cas(Si, Al, B);(SO,)2(0, OH) 12(OH) 4: 26H,0 
Ds Cag Als (SO,4)s (OH) 12 g 26H20 
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X-RAY STUDY 


_ Both rotation and Weissenberg x-ray photographs were taken with the 
crystal rotating about the ¢ axis and a horizontal axis normal to the 
{1010} cleavage. The rotation photograph about c corresponded spot for 
spot with the classic rotation photograph of ettringite from Scawt Hill, 
County Antrim, Ireland first published by Bragg and Bragg (1933), and 
later by Bannister (1936) and by Bragg (1937). The spots of this photo- 


TaBLe 3. Unit CELL DIMENSIONS OF ETTRINGITE 


1 2 3 4 
Franklin Scawt Hill* Ettringen Synthetic? 
do 22.28 A 22.47 A 22.46 A 22.46 A 
Co 21.29 21.46 21,42 21.44 
Co/ao 0.9556 0.9551 0.9537 0.9546 


1 The unit cell dimensions for ettringite given by Bannister (1936) were ay=11.26 A, 
Go=21.48 A (kX converted to angstrom unifs) determined by the rotation method. 

2The unit cell dimensions for synthetic ettringite were determined by the powder 
method, Bureau of Standards (1958), as a9=11.23 A co=21.44 A. 


graph (Scawt Hill) are elongated parallel to the rotation axis, whereas 
the spots on the photograph of the Franklin mineral are sharp. The 
rotation photograph of a Franklin crystal rotating about the [1010] axis 
gave well defined layer lines, measurement of which yielded an identity 
period along the axis of 19.27 A; (diozo). Using this value the length of the 
@ axis was determined as 22.25 A; roughly twice the length reported by 
Bannister. 

Because of the identity of the ¢ axis rotation photographs of the Frank- 
lin and Scawt Hill material, it seemed reasonable to assume that the unit 
cell dimensions would be similar. Professor C. E. Tilley kindly furnished 
a cleavage fragment of Scawt Hill ettringite for examination. A rotation 
photograph about [1010] yielded djozo slightly greater than that given by 
the Franklin mineral. 

A specimen of ettringite from Ettringen, the original locality, was 
kindly loaned the authors by Professor Joseph Murdoch. Professor 
Murdoch obtained this specimen from Dr. Hanswilhelm Beil of Gottingen 
for the purpose of comparing it with a mineral from Crestmore, Cali- 
fornia suspected of being ettringite. X-ray photographs of the Ettringen 
mineral also yielded an ay similar to that of the Franklin ettringite. From 
this evidence one must conclude that the @ axis of ettringite is approxi- 
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mately twice that given by Bannister (1936) resulting in a unit cell of 
four times the volume. It is interesting to note that Lehmann (1874) and 
Brauns (1922) gave indices for the crystal forms observed by them that 
are compatible with the doubling of the a@ axis. 

In Table 3 the unit cell dimensions of ettringite from Franklin, Scawt 
Hill, and Ettringen are given determined from O-layer line Weissenberg 
photographs made during the present study. 


TABLE 4. d SPACINGS OF ETTRINGITE 


Copper radiation, nickel filter 


: Synthetic 
Franklin Nat. Bu. Standards 
hkil : = “aN 
Measured Calculated Measured 
d, A I d,A d, A I 
2020 9.65 10 9.648 9.73 10 
2240 5.58 8 5.570 5.61 8 
2242 4.93 2 4.935 4.98 2 
2024 4.65 3 4.660 4.69 4 
2244 3.84 5 3.848 3.88 5 
4262 3.44 4 3.449 3.48 3 
6060 CH 6 SANG 3.24 2 
6064 DAS 1 WHS) DAE 4 
6282 D3) 3 2.595 7) oy) 2 
4266 2.54 4 2.543 DX) 5 
4486 2.19 2 2.190 OA 4 


The unit cell dimensions of the Franklin ettringite are smaller than 
those of the mineral from other localities. These undoubtedly reflect the 
substitution of boron and silicon for sulfur and aluminum. The smaller 
dimensions are also shown in the d spacings of Table 4. This table lists 
only the stronger lines. A complete list of d spacings is given by the 
National Bureau of Standards (1959). In Table 4 the indices of the 
National Bureau of Standards data are changed to conform with a dou- 
bling of the @ axis. 

The space group of ettringite was determined as P63/mmc, the same as 
given by Bannister (1936). The calculated specific gravity of the Frank- 
lin ettringite is 1.79. The specific gravity of 8 [CagAls(SOs)3(OH) 2: 26H2O} 
calculated by the NBS (1959) using their lattice constants is 1.754 at 
a @. 

REFERENCES 
BANNISTER, I’. A. (1936), Ettringite from Scawt Hill, Co. Antrim, Min. Mag., 24, 324-329. 
Brace, W. H., anv Brace, W. L. (1933), The Crystalline State, London. 


ETTRINGITE FROM FRANKLIN, NEW JERSEY 1143 


Brace, W. L. (1937), Atomic Structure of Minerals, Cornell University Press. 

Brauns, R. (1922), Die Mineralien der Niederrheinischen Vulkangebiete. Stuttgart. 

Larsen, E. S., AND BERMAN, H. (1934), The Microscopic Determination of the Nonopaque 
Minerals, U.S.G.S. Bull 848, 2nd edition. 

Lexan, J. (1874), Uber den Ettringit, ein neues Mineral, in Kalkeinschiissen der Lova 
von Ettringen (Laacher Gebiet). Nees Jahrb, Min., 273. 

Lercs, W., Asuton, F. W., AND BoGugE, R. H. (1939), Bur. Standards Jour. Research, 2,715. 

NATIONAL BUREAU OF STANDARDS CrrcuLaR 539 (1959), Standard X-Ray Diffraction 
Powder Patterns, 3-4. 


Manuscript received February 15, 1960. 


THE AMERICAN MINERALOGIST, VOL. 45, NOVEMBER-DECEMBER, 1960 


A CRYSTAL CHEMICAL STUDY OF THE VANADIUM OXIDE 
MINERALS, HAGGITE AND DOLORESITE* 


Howarp T. Evans, JR. AND Mary E. MROsE, 
U.S. Geological Survey, Washington, D.C. 


ABSTRACT 


Small, black vanadium oxide crystals obtained from a sandstone drill core taken near 
Carlile, Wyoming, were found by single-crystal x-ray diffraction techniques to consist of 
two monoclinic phases. Crystal structure analysis showed one phase to be a new mineral, 
higgite, having the following crystallographic properties: space group C2/m; cell dimen- 
sions, a= 12.17 A, b=2.99, c=4.83, B=98°15’; cell contents, HsViOw. The second phase 
(“phase B”) was found to have crystallographic properties identical with those of the 
previously described doloresite: space group, C2/m; cell dimensions, a= 19.64 A, b=2.99, 
c=4.83, B=103°55’; cell contents, HsVsQ16 or HioVeO1s. The presence of the hydrogen 
atoms was established by recognizing hydrogen bonds from oxygen-oxygen distances and 
vanadium-oxygen bond distributions. To obtain the best interatomic distance data, the 
structures of both phases were refined by least squares analysis. 

Haggite, phase B, and duttonite (H2VOs;) are considered to be members of a homologous 
series of general composition Hy», 2V,Osn—2, with n=4, 6 and ~, respectively. 

The problem of the chemical nature of doloresite was solved with information obtained 
from a study of the Carlile crystals. Doloresite is invariably twinned on (100) on a sub- 
microscopic scale, producing pseudo-orthorhombic «-ray patterns. The «-ray intensities of 
the twin composite reflections are well accounted for in terms of the crystal structure 
found for phase B. Phase B is not twinned, but is intergrown with haggite in parallel 
orientation (6 and ¢ axes coincident) on a submicroscopic scale. The structural relationships 
and modes of occurrence of these minerals lead to the hypothetical conclusion that dolores- 
ite (HsV¢Ois) is metastable and is formed by solid state oxidation of phase B (HioV6Ois), 
which is formed by metasomatic replacement of montroseite. The higgite and phase B from 
Carlile appear to have been directly crystallized from the primary mineralizing solutions. 
The mechanisms whereby these processes may have taken place are described. 


INTRODUCTION 


After montroseite and paramontroseite, the most frequently encoun- 
tered vanadium oxide mineral in the Colorado Plateau ore deposits is 
doloresite. This new mineral, easily recognized and characterized petro- 
graphically, for a long time resisted definitive study because of its variable 
chemical composition, anomalous crystallography and intimate associa- 
tion with other vanadium oxide minerals. It is fibrous in character, and 
it was readily established that the structural spacing along the fibre 
direction is 3.0 A, thus suggesting a relationship to montroseite. We 
made extensive efforts without success in the earlier stages to determine 
the essential nature of the mineral through crystal structure analysis 
based on single-crystal intensity data of limited range and quality. Fail- 
ure was certain because the crystals are twinned and the analysis was 


* Publication authorized by the Director, U. S. Geological Survey. 
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made in terms of an incorrect orthorhombic cell, as described in a later 
section. 

After nearly a year of diligent effort, the doloresite problem was set 
aside for awhile and attention turned to another vanadium oxide min- 
eral which came from Carlile, Wyoming. Of this material we had available 
a number of small crystals extracted from a sandstone matrix. X-ray 
patterns of these crystals revealed the presence of two separate phases, 
both monoclinic, intergrown in parallel orientation on a microscopic 
scale. One of these, it was discovered, by applying a simple twin law, 
could be made to account for both the geometry and intensities of the 
diffraction patterns of doloresite. The crystal structures of both phases 
in the Wyoming crystals were readily solved from Patterson projections, 
and this result led directly to the solution of the doloresite problem. 
Following these developments, the description of the mineral doloresite 
was completed and published by Stern, Stieff, Evans and Sherwood 
(1957). A preliminary description of the structures of haggite (one of the 
Wyoming phases) and doloresite has been given previously (Evans and 
Mrose, 1958). A detailed description of the analysis and interpretation 
of the crystal structures of these minerals is the objective of this paper. 


THE CARLILE, WYOMING CRYSTALS 


In 1956 we received a sample of a black vanadium oxide in the form 
of several small crystals (maximum size, 0.1 mm.) which had been 
worked out of a sandstone matrix by M. E. Thompson of the Geological 
Survey. The sample was taken from a drill core at a depth of 180-181 feet 
in drill hole TR-713, which is in the NEZSE# sec. 27, T. 52 N., R. 66 W., 
Crook County, Wyoming. This horizon is in a highly mineralized, un- 
named siltstone member of the Lakota formation (Lower Cretaceous age), 
about 13 feet below the base of the Fuson member.* Spectrographic tests 
showed the presence only of vanadium and a minor amount of iron, and 
an x-ray powder diagram revealed a pattern hitherto unknown for a na- 
tural mineral. There was no possibility of making a chemical analysis of 
the mineral, and the only hope of discovering its constitution was through 
“-ray single-crystal studies. Fortunately, the crystals gave excellent 
Buerger precession patterns, at least in comparison with those usually 
given by vanadium oxide minerals. The outstanding feature of these 
patterns was the presence of a short crystallographic axis of 3.0 A, as in 
montroseite and doloresite. The diffraction net normal to this axis gave a 
clearly resolved pattern of sharp spots as shown in Fig. la. This pattern 
consists of perfectly straight rows of spots, with an inter-row spacing 


* The information concerning this core was kindly supplied by Miss Darlene N. Peacock 
of the Atomic Energy Commission. 
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Itc. 1. a. Buerger precession photograph of (/02) net of a crystal from Carlile, Wyoming | 
(MoKa radiation). b. Interpretation of a: full circles, full lines, haggite reciprocal lattice; — 
open circles, dotted lines, phase B lattice. 


corresponding to 4.83 A; but the spots within the rows appeared to be 
irregularly arranged. It was found that the pattern could be accounted > 
for in all detail in terms of two superimposed monoclinic lattices with | 
equal and common 0 and ¢ axes, but different a axes and 6 angles. Meas- 
urement of Buerger precession photographs of the (#k0), and (Ol) and 
(All) nets gave the following dimensions for the two lattices, designated 
as shown: 


Phase A Phase B 
Space group both C2/m, Cm or C2 
a 12.17+0.05 A 19.64+0.06 A 
b 2.99+0.01 2.99+0.01 
c 4.83+0.02 4.83+0.02 
B OS alsin OSE SISY se SY 
Vol. 173.9 A3 275.3 As 


The explanation of the (01) net shown in Fig. 1a is shown graphically 
in Fig. 16. The powder pattern of these crystals gave the data listed in 
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Table 1 wherein the identity of each line in terms of the lattice of phase 
A or B is indicated. 

For the purpose of structure analysis, the intensities of the (A0/) re- 
flections were measured on Weissenberg patterns by means of visual com- 
parison with a calibrated strip made with one of the x-ray reflections. 
For phase A, 58 independent data were collected, and for phase B, 63 
data. In only nine cases did reflections from the two lattices overlap 
seriously enough to prevent individual measurement. The pattern of 
phase A was always considerably stronger than that of phase B, pre- 
sumably owing to its predominance in the crystal, so that it was expected 
that the data of phase A were the more reliable. These data were suitably 
corrected for the Lorentz and polarization factors, but not for absorption. 


CRYSTAL STRUCTURE ANALYSIS OF HAGGITE (PHASE A) 
Unit cell contents and structure 


The geometry of the unit cells of phases A and B places severe limits on 
the contents of the unit cells. Of the chemistry, it was known only that 
the major constituents were limited to vanadium, oxygen and hydrogen. 
By analogy to montroseite and similar oxides (Evans and Mrose, 1955), 
it seemed proper to associate with the 3.0 A spacing a structure consisting 
of chains of octahedra stretched along the d axis by sharing edges. In such 
a structure all atoms readily lie on mirror planes normal to the chain 
axis, so, partly for this reason, the space group was assumed to be C2/m. 
The volume of the cell will accommodate exactly 12 oxygen atoms of 
specific volume 17.4 A®. (In montroseite, the specific volume is 17.2 A’; 
Evans and Block, 1953.) In the space group C2/m, there must be an even 
number of atoms in the unit cell. In addition, the average valence of 
vanadium was assumed to be between three and four. With these re- 
strictions, the following formulations of the unit cell contents are allowed: 


T. HyuVsOr0 V. HaVsO10 
II. HieV2010 VI. HeVcOi0 
Ill. HsVsO10 VII. VeGio 
TV. HeVsOx0 


The structure of phase A was readily determined from the Patterson 
map, which is shown in Fig. 2a. In this map all the vectors characteristic 
of the double zig-zag octahedral chain (Fig. 26) are easily recognized. 
With the knowledge of the presence of this structural feature and its 
orientation in the structure, it was soon determined, mainly from geo- 
metrical considerations, that the zig-zag chains are joined through the 
apices of the octahedrons into sheets extending parallel to the (001) 
plane. Structure factors for such an arrangement gave good agreement 
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TaBLe 1. PowpErR X-Ray Dirrraction Data FOR BLACK VANADIUM OXIDE 


CuKa radiation; camera diameter 114.6 mm.; min. obs. d=12 
d(calc.) given for higgite to 1.500 A; for phase B to 2.50 A 


CRYSTALS FROM CARLILE, WYOMING 


A 


Hagegite (phase A) 


Phase B Carlile crystals 
hkl d(calc.) hkl d{calc.) d(obs.) I 
200 9.5 
200 6.02 6.04 4 
001 4.78 4.80 100 
400 4.70 
001 4.69 4.73 3 
201 4.68 
201 4.04 4.05 50 
201 Seis) 3.87 3 (brd) 
401 3.83 
201 Saal Show 12 
600 Bolly) 3} lliss 2 
400 3.01 3.02 DS 
401 3.00 
110 2.95 
601 2.95 
110 90 2.91 3 
Ls 401 Deis 2.74 6 
ililal 2.54 
021 D5, 111 2 Sp) 
Alii 2.443 2.44 25 
401 2.398 
310 2.398 
002 2.390 2.39 3 
202 2.340 
311 DD DOD) 3 
202 2.120 DMD 4 
311 2.073 2.071 3 
402 2.018 
600 2.007 2.010 3 
601 1.954 1.959 18 
112 1.877 1.878 
510 1.875 
$11 1.817 
112 1.814 Isp bs) 12 
312 1.770 1.788 4 
601 1.763 
402 1.754 
511 1.684 1.686 6 
602 1.659 1.662 4 
312 1.625 
203 1.598 1.600 3 
003 1593 
512 1.563 1.567 4 
800 1.505 
403 1.500 
1.492 12 
1.419 2 
1.400 3 
1.378 6 
1.347 3 
1.291 6 
1.199 3 
1 


sy? 4 
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a b 


I'ic. 2. a. Patterson projection on (010) of haggite. 6. Vectors of the double 
octahedral chain of montroseite. 


with the observed amplitudes, and with three repeated calculations, the 
final electron density shown in Fig. 3 was obtained. 


Hydrogen atoms 


This result restricts the formulation to III, IV and V, leaving only the 
question of the number of hydrogen atoms present. This must, of course, 
be found by an indirect approach. The first indication comes from the 
presence of six short oxygen-oxygen distances of about 2.7 A across the 
interlayer region of the structure. Crystal chemical principles require 
that such distances as these be associated with hydrogen bonds, so that 
we may thus account for six hydrogen atoms. To decide whether there 
are other hydrogen atoms present not involved in hydrogen bonding, we 
must attempt to estimate the distribution of electrons among the several 
vanadium-oxygen bonds. For this purpose, we may begin by dividing the 
three or four electron pairs associated with vanadium equally among the 
six oxygen ligands. This approach would lead us to suspect that O; is a 
hydroxyl group. Before accepting this conclusion, we must examine the 
vanadium-oxygen bond lengths to determine whether or not the bonding 


in the octahedron is actually uniform. 
VA othe 


yee Orr 
L es fe) - 
Fic. 3. Electron density projection on (010) Fic. 4. Interatomic distances 
of higgite. Dotted contour, zero electrons/A?; in haggite. 


contour interval, 5 electrons/A?. 
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TABLE 2. STRUCTURE PARAMETERS FOR HAGGITE (PHASE A) 


Space group: C2/m, Int. Tab. No. 12 


ie y z B 

Atoms (cycles) (A2) 
4 V in (2) 0.1378 +0.0005 0 0.3967 £0.0012 4.16+0.13 
2 O; in (c) 0 0 3 5.87 +£0.98 
4 Op in (2) 0.6094+0.0018 0 0.133 +0.004 4.90 +0.59 
4 O; in (2) 0.3026 +0.0019 0 0.346 +0.004 5.14+0.59 


Crystal structure refinement 


To obtain the best measurement of the bond lengths in phase A, the 
structure was refined by the method of least squares analysis. This calcu- 
lation was carried out by hand methods in the early stages, and completed 
with a program written for the Burroughs 205 digital computer. The 
approximation was used in which the nondiagonal terms of the normal 
equations are neglected, as described in the case of montroseite (Evans 
and Mrose, 1955). The weighting factor was chosen according to the 
absolute value of F, as follows: 

F (obs) | >4 
F(obs)| <4 


for 


F (min) | / F (obs) | 2 
F (obs) | /4\ F (min) | : 


F (min) | ; /w = 4 


for F (min) | F /w = 
Each atom was assigned an individual isotropic temperature factor. By 
this route, the reliability factor was reduced to R=0.143. The observed 
and calculated structure amplitudes, F(obs) and F(calc),show goodagree- 
ment.* 

The final coordinates, temperature factors and corresponding standard 
deviations are given in Table 2. The interatomic distances, illustrated in 
Fig. 4, are listed in Table 3. 


Vanadium-oxygen bonds 


The six vanadium-oxygen bonds in the octahedron, as shown by Table 
3, vary in length from 1.82 to 2.06 A. This range must correspond to a 
considerable variation in bond number. In a discussion of the structure 
of vanadium pentoxide, Bystrém and Wilhelmi (1951) have shown that 
an approximation of the bond number of a vanadium-oxygen bond may 
be obtained from the empirical relation of Pauling (1947): 

Dy, — D, = — 2k log n 


in which the constants D;=1.77 A and k=0.39. (For metals Pauling 
uses k=0.300.) 


* A copy of the F(obs) and F(calc) values may be obtained from the authors. 
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TaBLE 3. INTERATOMIC DisTANCcES IN HAGGITE (PHASE A) 


(SEE Fic. 4) 

Atoms Vector Distance A Atoms Vector Distance A 
V-O; A 1.82+0.02 O,-O; B, 2.80+40.03 
V-O2 B 1.97 O)-O; F 2.84 
V-O3 € 2.01 O,-O3 G 2.59 
V-0; D 2.06 O.-O; H DRS 

O;-O3 J 2.58 
Q2-O3 K 2.69 
V-V P Sploets MOL O2-O; 1B, 2.79 
O1-O» M 3.49 
O;-O3 N Se 


Evans (unpublished work) has found that for certain metavanadates 
_whose structures are well refined, better consistency is obtained with 
D,=1.81 A. Applying this law to the vanadium-oxygen octahedron in 
phase A, the following distribution is obtained: 


1B} n 
V-0; 1.82 A 0.98 
V-O2(2) 1.97 0.63 
V-O3;(2) 2.01 0.55 
V-O; 2.06 0.48 
Total n Shoe 


From this result it is unsafe to deduce directly the valence of vanadium 
because of the large accumulative errors in v. The indication is clear, on 
the other hand, that the V-O; bond is close to a full single bond. Since 
O, receives two of these bonds, we may conclude that it cannot carry a 
hydrogen atom, and therefore does not represent a hydroxy! group. 


Constitution of haggite 


The distribution of bonds over the oxygen atoms is consistent with the 
hydrogen bonds located earlier, but does not admit the presence of any 
other hydrogen atoms in the unit cell. We are thus led to the unique 
formulation for phase A of IV above: 

H6Vi010 «or = V203- V204-3H20. 
Further arguments in support of this composition are given in a later 
section. Phase A is thus established as a new mineral species. In honor of 
Professor Gunnar Hiagg of the University of Stockholm and his inestim- 
able contributions to our knowledge of crystal chemistry, we propose the 
name higgite for this mineral. It will be referred to by this name in the 
remainder of this paper. 
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CRYSTAL STRUCTURE ANALYSIS OF PHASE B 
Unit cell contents and structure 


The crystal structure of phase B was worked out in the same way as 
that of higgite. The unit cell volume will just accommodate 16 oxygen 


atoms of specific volume 17.2 A’, Again assuming the space group to be | 
C2/m and the same restrictions to apply as for haggite, the possible | 


formulations for phase B are the following: 


VILL. Ho VsOrg IW HsVoOi6 
IDS Hyg VsOr6 XV. HsVsO16 
X. Hyg VaOre XVI. He VsOr6 
XI. Hu VeOi6 XVIL. HiVs0i6 

XIT. Ai2V60i6 XVIII. H2VsOi6 

XI. Hiro V6Oi6 XIX. VsOi¢ 


The Patterson map for phase B, shown in Fig. 5, again shows the 
vectors of the double octahedral chain. Geometrical considerations based 
on this chain oriented as shown by the Patterson function quickly lead 
to the conclusion that there are also present single octahedron chains, 


with which the double chains are linked alternately by sharing octa- | 


hedral apices as in higgite, to form sheets extending parallel to the (001) 
plane. Structure factor calculations indicated that such a model is a 
valid one, and finally led to the electron density map shown in Fig. 6. 
In this way the formulation of phase B was restricted to XI, XII, XIII 


or XIV. The electron density map shows the presence of 10 short inter- | 


layer oxygen-oxygen distances or hydrogen bonds. This evidence leads to 


formula XIII for phase B, unless evidence for the presence of additional — 


hydrogen atoms not involved in hydrogen bonds is found. 


Crystal structure refinement 


The 63 (AOl) data for phase B were refined by the method of least 
squares analysis, just as for haggite. The final reliability factor was 
R=0.164. The structure parameters are given in Table 4. The interatomic 


distances, as shown in Fig. 7, are listed in Table 5. As expected the errors. 


Ic. 5. Patterson projection of (010) of phase B. 
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TABLE 4. STRUCTURE PARAMETERS FOR PHASE B AND DOLORESITE 


Space group: C2/m, Int. Tab. No. 12 


a y 3 B 

BIOS (cycles) (A2) 
2 Vi in (c) 0 0 b 2.26 
4 V2 in (z) 0.1766 +0.0007 0 0.3680 +0.0028 43 
4 O; in (2) 0.470 +0.003 0 0.248 +0.012 
4 Op; in (2) 0.095 +0.004 0 0.427 +0.015 10.1 
4 Os; in (2) 0.665 +0.003 0 0.095 +0.012 
4 O, in (z) 0.286 +0.003 0 0.362 +0.011 4 


in these distances are larger than those obtained for haggite, because of 
the poorer quality of the measured data, but they are sufficiently small 
to permit some useful estimates of bond number to be made. 


Vanadium-oxygen bonds 


Applying Pauling’s relation to this structure, the following bond 
distributions are found: 


Dy n 
V.-0;(4) 1.93 A .70 
Vi-O2(2) 1.98 60 
Total n 4.00 
V:-O» 1.70A 1.39 
V:-O3(2) 1.97 62 
V2-O, (2) 2.01 EO 
V2-On Dh NS) 39 
Total n 4.14 


As in haggite, the oxygen atom which links the chains in the a-axis 
direction is joined to two vanadium atoms which supply it with a total 
valency of 1.99. It seems most probable that O2 is not a hydroxy! group. 


Constitution of phase B 


By arguments simular to those used for haggite, it is concluded that 
the number of hydrogen atoms in the unit cell is 10, asa maximum. Thus, 
formulation XIII is the most probable composition of phase B: 


HioVeOig or V203:2V20s-5H20 
In this case, we must recognize the possibility that the number of hydro- 


gen atoms is less, or 8 as a minimum. Phase B would then be identical 
with doloresite which corresponds to formula XIV, as described in the 
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Fic. 6. Electron density projection on (010) of phase B. Contours as in Fig. 3. 


next section. The relationship between phase B and doloresite is dis- 
cussed in a succeeding section. 


Possible ordering of hydrogen bonds 


In both haggite and phase B, it will be noted that one of the hydrogen 
bonds is bisected by a symmetry center. This bond cannot in fact be 
centrosymmetric, so that the formal definition of the structure must be 
qualified to account for this anomaly. It is certain that any one chain of 
hydrogen bonds, 3 in the chain in haggite, and 5 in phase B, must be 
polarized with all the hydrogen bonds oriented in one direction or the 
other along this chain. Following this postulate, two further relations 
among the hydrogen bonds may occur: (1) the polarizations of the sepa- 
rate hydrogen bond chains are oriented at random throughout the struc- 
ture; and (2) the polarizations are oriented in a parallel or some anti- 
parallel array. In the first case, the structure symmetry will be truly 
C2/m, and the structure parameters will be an average of the local posi- 
tions assumed according to the orientation (instantaneous or permanent) 


TaBLeE 5. INTERATOMIC DISTANCES IN PHASE B AND DOLORESITE 
(SrE Fic. 7) 


Atoms Vector Distance A Atoms Vector Distance A 
Vi-O1 A 1.93+0.07 O:-O; G Dl 2 ORLO 
Vi-Os B 1.98 O.-O; H 2.81 
Vo-Oz (Cc 167.0 O;-O; ij 2.44 
Vo-O4 D 2.01 O,-O, K 2.60 
V2-O3 1D 1.97 O,-O2 I DA) 
Vo-O1 Fr DAN} O:-O3 M DAS 
O3-O4 N 2.82 
O,-O; 1k SH 
V2-V2 W $1 28£ 02.02 O,-O3 Q 2.62 
O3-O; R 2.79 
O;-O; ‘S) 2.88 
O»-O; ar SOL 
Ov-O; U OMoo 
O4-Og Vv Byidhs 
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Fic. 7. Interatomic distances in phase B. 


of the adjacent hydrogen bonds. The variations found in the temperature 
factors of the various oxygen atoms may be a result of this averaging 
process. In the second case, the space group symmetry of the structure 
would be lowered to Cm. Again, the observed temperature factors would 
be influenced by our procedure of refining the structure in terms of the 
more symmetrical space group. No attempt has been made to carry the 
refinement of the structures of higgite and phase B further in the space 
group Cm. Therefore, we cannot draw any conclusion as to which of the 
hydrogen bond arrangements, ordered or disordered, is actually present 
in these structures. 


STRUCTURE OF DOLORESITE 
Crystallography of doloresite 


In the description of the brown, fibrous mineral doloresite by Stern, 
Stieff, Evans and Sherwood (1957), a brief account of the approach to 
the problem of chemical constitution and structure of this mineral has 
already been given. The crystal flakes give generally very poor diffrac- 
tion patterns, partly because of their fibrous character, and partly be- 
cause of the admixture of oriented paramontroseite. A specimen was 
finally obtained from the Monument No. 2 mine in Monument Valley, 
Arizona, which was relatively free of paramontroseite. A Buerger preces- 
sion photograph of a net plane normal to the fibre axis (3.0 A spacing), 
made with a crystal fragment from this specimen, is shown in Fig. 8a. 
Although the reflections are still somewhat diffuse, an orthorhombic 
lattice is clearly indicated. Measurement of this and other patterns leads 
to the following data: 


Space group: Jm2m 


a=19.11A 

= Dos 

c= 4.86 
Vol. = 277 A’. 


This unit cell proved to be false at a later stage when it was discovered 
that the lattice could be exactly accounted for in terms of the monoclinic 
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A 


Fic. 8. a. Buerger precession photograph of (102) net of doloresite, normal to fiber axis. | 
b. Interpretation of a: full lines, primary reciprocal lattice; dotted lines, twin lattice. Note 
the orthorhombic symmetry of the photograph. | 


unit cell of phase B. If the phase B unit cell is transformed according to 
the matrix 101/010/001, its dimensions* are: 


Space group: [2/m 


a =19.07A 
b= 2.99 
Come 
B = 90°18’ 


By twinning on (100), the apparently orthorhombic lattice is produced, 
as shown in Fig. 88. 


Early allempts to interpret the “orthorhombic” structure 
Until work was begun on the crystals from Carlile, Wyoming, the 
2 ai d 
presence of twinning in doloresite was not suspected. As explained in the 


* This setting of the unit cell is, in fact, the conventional setting of Donnay and No- 
wacki (1957). The unit cell used in this paper is retained in order to simplify the description 
of the structures and their interrelationships. 
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Introduction, a concerted effort was made to solve the structure in terms 
of the false orthorhombic unit cell. It may be of interest to describe this 
work briefly, in order to illustrate the extent to which a completely blind 
lead can be followed, especially in the use of the Fourier method of 
structure analysis. 

Intensities were measured for the (A0/) and (h11) reflections on Weissen- 
berg films by visual estimate and corrected for Lorentz and polarization 
factors. These data were used to prepare the Patterson section P(u0w) 
(spurious, because the intensities measured were all twinned composites). 
It was known from the unit cell volume that the cell contained 16 oxygen 
atoms, but the number of vanadium atoms was taken as 4, 6 or 8 in 
various trials. It was quickly found that no arrangement of octahedra 
was possible in the space group mmm, so the symmetry was assumed to 
be Im2m. Several trial arrangements of the vanadium atoms were 
evolved compatible with the “‘Patterson” function. Each led to a recog- 


I'1c. 9. Possible mechanism of twinning of doloresite, by a mirror operation. 


nizable electron density projection. Only one showed any indication of 
oxygen atoms. This structure, the best of those tried, could not be re- 
fined to give a reliability factor lower than 0.35. The failure to find any 
structure that would refine beyond this point led us to abandon further 
work in this direction. Our experience with this problem provides a good 
example of the obliging nature of the Fourier method in crystal structure 
analysis, even when based on a completely erroneous crystallographic 
interpretation. 


Verification of the true structure of doloresite 


It has been noted that the geometry of the doloresite lattice corre- 
sponds to a phase B lattice twinned on (100). It was further found that 
the intensities of the (/02) reflections of doloresite, measured as indicated 
above, could be fully accounted for if it was assumed that each was the 
sum of the intensities of two reflections of the phase B lattice superim- 
posed by the twin operation. After the refinement of phase B was com- 
pleted, a set of structure factors was calculated using the final structure 
parameters obtained for phase B, but with an overall temperature factor 
of B=4.0 A? instead of the individual temperature factors shown in 
Table 4. By combining these calculated F? values appropriately for the 
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twin composites and taking square root for comparison with the meas-| 
ured doloresite “Ff” values, a reliability factor of 0.098 was obtained. An | 
attempt to refine the structure further in terms of the doloresite data did 
not lead to any significant change in the phase B structural parameters. | 
The calculated and observed structure factors are in good agreement. 


CRYSTAL CHEMICAL RELATIONSHIP BETWEEN 
MONTROSEITE AND DOLORESITE 


Twinning in doloresite 


A universal property of the mineral doloresite is its submicroscopic 
lamellar twinning on (100). No crystals have ever been found which de | 
not give perfect pseudo-orthorhombic diffraction patterns. It is of con- 


siderable interest to examine this twinning in terms of the crystal struc- 
ture of doloresite, and its mode of origin. The usual mechanism oi 
twinning makes use of some element in the structure which can play 4 
common role in the original crystal and in the twinned counterpart which 
is related to it by some symmetry operation. In this case, as shown in 
Fig. 9, we may use the O2 atoms as a twin “bridge” by passing a mirror | 
plane through them parallel to the c axis. Such a mechanism is feasible, 
especially if a hydrogen bond is invoked to join oxygen atoms O3 (dis- | 
tance 2.57 A) across the twin plane. Such a fusion may actually be ac- 


complished in several ways, to join two single octahedron chains, two 
double chains, or a single and a double chain, at the composition plane. 
(which may or may not be a mirror plane). | 
Another mechanism is equally feasible, and is actually more plausible 
in light of the relationship of doloresite to its parent, montroseite. In Fig. | 
10 is shown an arrangement in which the double chain of one sheet in one 
crystal is joined to double chains in two sheets in the twin component. 


| far | 
- phase B (doloresite) — —-- | i phase B — 


montroseite (paramentroseite) — 


ic. 10. Probable mechanism of twinning of doloresite, by a diagonal glide operation, 
shown at the left. Coalescence of the montroseite structure with the doloresite structure is 
shown in the two possible orientations at the right. 
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The two structures fit almost exactly in this way without strain. In fact, 
the arrangement of chains at the composition plane is almost identical 
with that found in the montroseite structure, illustrated to the right of 
Fig. 10. It can be derived by means of a diagonal glide plane parallel to 
the 6 and c axes in the twin composition plane, such as is characteristic of 
the montroseite structure parallel to the a and c axes. 


Origin of doloresite 


Doloresite is commonly found intimately associated with paramon- 
troseite, and single-crystal photographs show that the two crystals are 
always in parallel orientation. The 6 and c axes of doloresite are found to 
be parallel to the c and a axes of paramontroseite, respectively. If the 
slab of structure at the composition plane (see Fig. 10) is considered to 
constitute a montroseite structure, its orientation is just that found for 
paramontroeseite with respect to the two doloresite twin components. It 
follows, of course, that the doloresite structure will coalesce with the 
montroseite structure, as shown in Fig. 10. 

On the basis of the information gained from the structure studies so 
far, a mode of origin of doloresite may be proposed, as described below. 


1. Doloresite, as shown by Stern eé¢ al. (1957), is derived by secondary replacement of 
primary montroseite. 
2. On exposure to ground waters containing oxygen, montroseite is altered to phase B. 
3. The alteration mechanism, unlike that of montroseite to paramontroseite, is par- 
| tially reconstructive, and involves a shifting of positions of vanadium, oxygen and hydrogen 
atoms and introduction of new atoms, according to the reaction: 


3(V203:H20) + 2H20 4+. Os iA V203- 2V20.4: 5H.O 


montroseite phase B 


4. In spite of the reconstructive nature of the alteration, structural control is main- 
tained between montroseite and phase B, as shown in Fig. 10. 
| 5. As in the case of paramontroseite (Evans and Mrose, 1955), the formation of phase 

B is nucleated on a very fine scale throughout the mass of the montroseite crystal. 

6. With respect to the original montroseite crystal, the phase B nucleus may form with 
equal probability in either of two orientations. 
_ 7. When two adjacent nucleii in opposite orientations grow toward each other and 
finally consume the intervening montroseite, they may be joined at the contact in a manner 
shown in Fig. 10. It is also possible that there will be no coherent structural boundary, 
since the twin orientations were determined by the original montroseite structure and not 
by a direct structural relation between the twins themselves at the composition plane. 
| 8. The size of the twin crystallites or lamellae of phase B, as suggested by the diffuse- 
ness of the single-crystal patterns, is of the order 10° cm. 

9. When the alteration of montroseite to phase B is halted, perhaps by exposure to air, 
‘it is rapidly altered to doloresite according to the reaction: 
phase B doloresite 
| 10. At this stage, the remaining unreacted montroseite is converted to paramontroseite, 
‘according to the mechanism proposed by Evans and Mrose (1955). 
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Evans and Garrels (1959) have determined the conditions of formation | 
and stability of many vanadium minerals in aqueous environments in 
terms of acidity (pH) and oxidation potential (£;). In Fig. 11 we have 
suggested how their diagram may be further modified to include the new 
oxide phases described in this paper. The sequence of events described | 
above is shown by means of arrows. This diagram also shows the relation 
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| 
| 
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-O4 


Hydrogen ion concentration, pH units 


Itc. 11. Alteration sequences of montroseite to doloresite and higher oxides, 
shown on equilibrium diagram of Evans and Garrels (1959). 


of these minerals to duttonite (Thompson, Roach and Meyrowitz, 1957) | 
as it occurs at the Peanut mine, and to higher valence oxides (““corvu-_ 
site’’) as it is found at most other localities. | 

It is important to remember in following the arguments set forth above 
that conclusive proof is not obtainable for every step. The weathering 
mechanism postulated and represented by the diagram presents what we 
feel is the most probable one in terms of all the accumulated evidence. 
The most uncertain aspect of the process is the change from phase B to 
doloresite. This question will be further discussed below. 


ORIGIN OF HAGGITE AND PHASE B 


Intergrowth of higgite and phase B 


As explained earlier, apparently single crystals from Carlile, Wyoming, 
were found to be an intimate intergrowth of two vanadium oxide phases, 
haggite and phase B. This situation is reminiscent of montroseite and 
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paramontroseite (Evans and Mrose, 1955), which were also found to be 
-intergrown on a fine scale. In that case, the x-ray pattern for montroseite 
was found to be sharp, and for paramontroseite, diffuse. This was taken 
as evidence, together with other considerations, that the latter had been 
derived from the former by a solid state oxidation process. In the case of 
haggite and phase B, both superposed x-ray patterns are sharp. It is 
believed that a wholly different explanation must be sought for the 
existence of these two minerals. 


Stability of haggite and phase B 


An understanding of the mode of formation of the various oxides re- 
quires a knowledge of the stable phases under the various environments 
of oxidation potential and acidity. On the equilibrium diagram of Evans 
and Garrels (1959), only two lower-valence oxides appear as stable 
phases: montroseite (V203-H2O) and duttonite (V204-2H2O). Para- 
‘montroseite was said by Evans and Mrose (1955) to be metastable, 
because of its unique mode of origin and the fact that it is unknown asa 

synthetic product. It is entirely possible, of course, that stable phases 
exist that have not previously been identified. Many such intermediate 
type phases have recently been discovered in the molybdenum-tungsten- 
oxygen system (Magnéli, 1956) and the titanium-oxygen system (Anders- 
son, Collén, Kuylenstierna and Magnéli, 1957). Most of these phases 
have been proved by crystal structure study to be members of groups 
termed by Magnéli “homologous series,” in which the average valence 
of the metal atom is slightly altered from one phase to the next. Thus, 
in the titanium-oxygen system, the homologous series denoted by the 
formula 


TinOen—-1 


is represented by known phases for which n=4,5,6,7,8,9,10 and ~., 
Haggite and phase B have structures which suggest the existence of a 
homologous series of the type: 


Ho» ~2VnO3n—2 


In this series, higgite has n=4, phase B has m=6 and duttonite has 
n=. For structural reasons, 7 must be even and cannot be less than 
4, and montroseite is not a member of the series. The structural basis of 
this series is the combination in varying ratios of single and double 
octahedron chains (ratio= /2-2) to form sheet structures as explained 
in the section on the structure of phase B. The relationship among these 
structures is shown in Fig. 12. In duttonite (Evans and Mrose, 1958) 
only single octahedron chains are present, and these are subject to distor- 
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Fic. 12. Structures of the homologous series, (a) haggite, (b) phase B and (c) duttonite. 
Note hydrogen bond chains (dashed lines): 3 bonds (a), 5 bonds (b), and infinite (c) in 
length. 


tions in the octahedral environment which have not been found in hag- 
gite and phase B. 


Formation of higgite and phase B 


It seems most probable that both haiggite and phase B were formed as 
primary minerals in the sandstones at Carlile, Wyoming, from the 
mineralizing solutions. These oxides undoubtedly represent stable phases 
with narrow ranges in the oxidation potential variation between montro- 
seite and duttonite. The minerals in this occurrence show no paramorphic 
relationship to other oxides such as montroseite. It may be imagined that 
the crystals grew in an environment in which the oxidation potential 
oscillated over a narrow interval bridging the stability ranges of haggite 
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and phase B. Under these conditions, the crystal may be expected to 
grow in an oscillatory manner, producing a crystal edifice consisting of 
fine lamellae of alternating haggite and phase B regions. These lamellae 
coalesce structurally at the interface in a natural way, as shown in Fig. 

13, in a manner to produce a relative orientation just as found in the 


x-ray photographs. 


DOLORESITE AND PHASE B (‘‘PROTODOLORESITE”’) 


Although doloresite and phase B have crystal structures so nearly 
identical that the difference between them cannot be detected, they have 
_been treated in the previous sections as though they were distinct phases. 


ys le a ow, apy AMY : i ET fhe ey 
ig: me i v= ne onl ey lage =a 
7 hey L “ a 
phase B — | — phase 8 


Frc. 13. Structural mechanism of intergrowth of higgite and phase B. 
Note parallelism of ¢ axes of the two phases. 


The reasons for this practice are partly structural, partly morphological 
and partly chemical in nature. 


| Definition of doloresite 


As described in the section above on the structure of doloresite, the 
number of hydrogen atoms in the formula H, VeOr6 will have a maximum 
of 10, and a minimum of 8. In the description of doloresite by Stern ef al. 
(1957), it was shown that chemical analyses of carefully prepared samples 
showed that V2O3 was present in insignificant amount. Mainly for this 
-reason, the formula given for doloresite was HsV6Oi5 or 3V204-4H20. 
On the other hand, other analyses made on doloresite have shown the 
presence of appreciable amounts of V2O3, but these samples were con- 
_ sidered to contain admixed montroseite. 


Hydrogen bonds and stable phases 


There are sufficient hydrogen bond sites in the structure of doloresite 
to account for 10 hydrogen atoms in the formula. This formulation is 
that given to phase B, which, as explained in a previous section, is be- 
lieved to be a member of a homologous series, and therefore, a stable 
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phase with a very narrow stability range. In doloresite, which is not aj 
member of the postulated series, two of the ten possible hydrogen bonds: 
are not occupied. No structural adjustments could be found tending tor 
lengthen any of the oxygen-oxygen distances, but if the vacancies were: 
distributed randomly over the ten hydrogen bonds, the corresponding? 
structural changes would probably be so small as to escape detection | 
means of the limited diffraction data available. | 

We believe that doloresite is a metastable phase and bears the same| 
relation to phase B as paramontroseite does to montroseite. It seems un-} 
reasonable that a stable tetravalent oxide hydrate phase could exist with} 
such a complex structure, requiring as it does some special dispensation} 
of the hydrogen atoms through disorder or other means. This reasoning} 
is strengthened by evidence of the existence of this same structure with} 
fully occupied hydrogen bonds as a stable phase. On the other hand, it is 
entirely reasonable to expect that phase B might undergo solid state 
oxidation by the loss of two hydrogen atoms per unit cell by a process of | 
diffusion out of the structure, leaving the original structural framework 
intact. In the weathering diagram shown in Fig. 11, the transformation | 
of phase B into doloresite would, therefore, be of the same type as that of 
montroseite into paramontroseite. 


Phase B as a mineral species 


Although we believe, as a result of the arguments given above, that 
phase B and doloresite are separate minerals, it is apparent that the 
evidence for their existence as distinct species is entirely circumstantial. 
Therefore, we are not in a position to define phase B as a valid species. 
If it should be possible at some later time to prove its existence, it would 
be proper to give it a name which indicates its relationship to doloresite, 
such as “protodoloresite.” 


SUMMARY 


A detailed crystal chemical study of the vanadium oxide hydrate 
minerals doloresite and haggite has been made. In this study, the follow- 
ing facts have been established: 

1. In crystals from Carlile, Wyoming, two vanadium oxide minerals 
are intimately intergrown on a microscopic scale. These minerals have 
closely related monoclinic lattices which are oriented with respect to each 
other so that their 6 and ¢ axes are parallel. 

2. The crystal structure of both these intergrown phases has been de- 
termined. Application of crystal chemical principles has led to a formula- 
tion of their chemical constitution. 

3. One of these phases is established as the mineral higgite. The 
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structure consists of double octahedron chains linked by octahedron 
corner-sharing into sheets parallel to the (001) plane, the sheets being 
tied together by hydrogen bonds. 

4. The crystallography and crystal structure of the second phase 
(phase B) have been determined and found to be identical with that of 
doloresite within the limits of experimental error. The structure consists 
of double octahedron chains linked alternately with single octahedron 
chains in sheets parallel to (001), the sheets being tied together by hydro- 
gen bonds. 

From these facts and other associated information, the relationships 
among the various vanadium oxide hydrates (montroseite, paramontro- 
seite, haggite, phase B, doloresite and duttonite) have been studied and 
interpreted. The following significant conclusions have been arrived at: 

1. Haggite, phase B and duttonite form a homologous series of the 
type: He,2V,Os,-2, with m=4, 6 and © respectively. These phases are 
probably thermodynamically stable. 

2. Doloresite is probably different from phase B, and has the formula 
HsgV¢6Oi6, corresponding to a pure quadrivalent oxide hydrate. It is be- 
heved to be metastable, like paramontroseite, and formed from phase B 
through the loss of two hydrogen atoms per unit cell. 

3. Doloresite, was formed originally as phase B by secondary replace- 
ment of montroseite. This process is reconstructive but evidently occurs 
under the structural control of montroseite. Thus, any phase B nucleus 
formed is constrained to have one of two possible orientations with re- 
spect to the original montroseite crystal. The twinning of doloresite on a 
submicroscopic scale is thereby accounted for. 

4. The lamellar intergrowth, with no evidence of twinning, of haggite 
and phase B in crystals from Carlile, Wyoming, is believed to be the 
result of oscillatory growth of the crystals from the original mineralizing 
solutions under conditions in which the oxidation potential varies over a 
narrow critical range. 
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NEW OCCURRENCES OF TODOROKITE* 


C. FRONDEL, U. B. Marvin anp J. Ito, Harvard University, 
Cambridge, Massachusetts. 


ABSTRACT 


Chemical, x-ray and other data are given for todorokite, (Mn, Mg, Ca, Ba, Na, K)» 
Mn;O.-3H2O, from Charco Redondo, Cuba, Farragudo, Portugal, and Hiittenberg, 
Austria. Additional localities at Romanéche, France, Saipan Island, Bahia, Brazil, and 
Sterling Hill, New Jersey, are noted. Delatorreite of Simon and Straczek (1958) is identical 
with todorokite. 


INTRODUCTION 


We have identified todorokite, a manganese oxide mineral hitherto 
known only from Japan (Yoshimura, 1934), in manganese ore from the 
Charco Redondo district, Cuba, and in Museum specimens from six 
additional localities. Delatorreite, briefly mentioned as a new mineral 
in a publication by Simon and Straczek (1958) on the Charco Redondo 
deposit that appeared during the course of our work, is identical with 
todorokite. Our determination of this material as todorokite is based on 
a type specimen obtained by W. F. Foshag in 1946 in Japan and now 
deposited in the U. S. National Museum. Todorokite apparently is a 
widespread mineral and in the Charco Redondo deposit at least has been 
an important ore. 


LOCALITIES 


Charco Redondo, Cuba. The material from Charco Redondo is described 
in detail in an accompanying paper by Straczek, Horen, Ross and War- 
shaw (1960). Our specimens were obtained by T. C. Marvin in 1955 
during a survey made for the Union Carbide Ore Company. In general 
they have a slightly divergent or exfoliate fine-columnar to fibrous struc- 
ture (Fig. 1). The fibers range up to about 10 cm. in length. Fracture sur- 
faces tend to be somewhat curved and show a weak silky sheen. The 
luster on surfaces broken across the fibrosity is dull. The color of the 
mineral is dark brownish black. The specific gravity as measured on 
small grains on the Berman balance varied between 3.1 and 3.4 and un- 
doubtedly is low because of the fibrous structure. The hardness is low but 
could not be measured accurately. A chemical analysis of the mineral is 
cited in Table 1, and the x-ray powder data are given in Table 2 and 
Pig. 2. 

Farragudo, Portugal. A stalactitic mass of todorokite (Fig. 1) was found 
in a small collection of secondary manganese minerals, chiefly crypto- 


* Contribution from the Department of Mineralogy, Harvard University, No. 339. 
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Fic. 1. Todorokite from Charco Redondo, Cuba (right) and from Farragudo, 
Portugal (left). About $ natural size. 


melane, from this locality. The material is soft and porous, and shows 
the slightly divergent, long fibrous mode of aggregation and dark brown 
to brownish black color that appears to be typical of todorokite. A crude 
concentric layering is present and some of the inner layers have a dense 


Romanéche 
| Geese! ie cline. 2. ) 
Huttenberg 
ee vali = = o eetrit = if IL | v4 1 n 
Japan 
2 sa lee es = Chee ire Ne n i 


Charco Redondo 
oF eee Te is nl eee filLon a | slat 
| Farragudo 
a el | ae it n (eee ea LE a eet oe ie 
soa 25 30 = oe SO oe I ak 80 —¥0 


Fic. 2. Powder pattern diagrams. 
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TABLE 1. CHEMICAL ANALYSES OF TODOROKITE 


Charco : Japan 
Parraeudo Redondo Eiuttenbere (Woshinura, 1934) 

MnO, 70.23 69.57 (ie TS 65.59 

MnO 11.19 11.65 8.62 DS) 

CaO 0.96 D0 1.40 3.28 

SrO* ~ 0.01 ~ 0.05 ~ 0.01 

BaO 0.00x 0.19 4.32 2.05 

Li,O* ~ 0.05 ~ 0.001 ~ 0.01 

Na,O 1.16 1.14 Om 0.21 

K.0 0.61 0.35 0.91 0.54 

MgO 3.90 S25) 7 Ale 1.01 

NiO* ~ 0.001 ~ 0.05 ~ 0.001 

CoO* ~ 0.01 ~ 0.05 — 

CuO 0.001 0.01 0.001 

PbO* ~ 0.00x ~ 0.01 0.00x 

Al:O3 (Ni tr. ti 0.28 

FeO; 0.01 (He 0.02 0.20 

SiO, 0.68 Roa 0.23 0.45 

SO; 0.24 0.14 0.14 0.28 

HO 10.50 10.83 9.95 11.28 

Rem. (Note 1) (Note 2) (Note 3) (Note 4) 

Total 99.73 100.16 G9 .§9 69 24 

Molecular Quotients 

MnO, Si 4.87 6.79 4.30 

MnO 1 it 1 1 
(Mg, Ca, Ba, Na, K)O 0.89 0.90 0.98 0.61 

H,0 3.69 3.66 4.55 Se AlO 


Note 1. Rem. is P20; 0.13, MoO; 0.05, ZnO 0.00x, V20; 0.COx, TiO» 0.00x, Ag tr., As tr. 
Note 2. Rem. is MoO; 0.05, Sc2O3 tr., (Y, Yb):Os tr., Ag. tr., R2O3 0.26. 

Note 3. Rem. is MoO; 0.03, ZnO 0.00x, ZrQy tr., (Y, Yb)203 tr., RoO3 0.2. 

Note 4. Rem. is P.O; 0.42, TiOs tr., insol. 1.28. 

* Determinations by optical spectrograph. 


structure and earthy luster. A chemical analysis is given in Table 1, and 
the x-ray powder data in Table 2 and Fig. 2. 

Hiitlenberg, Carinthia, Austria. This material comprised nodular masses 
about 5 cm. in diameter, without matrix, with an indistinct fibrous 
structure and coarse concentric layering. The material is very fragile and 
soft, falling to pieces when handled, and is so light and porous as to float 
on water. The color is brown, lighter in tone than that from Charco 
Redondo. The luster of fracture surfaces is dull, as in the other occur- 
rences of todorokite, but the smooth outer surface of the nodules has a 
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TABLE 2. X-Ray PowpER DATA FOR TODOROKITE 
Filtered iron radiation, in Angstroms 


Farragudo, Charco Redondo,| Todoroki Mine, | Hiittenberg, Romanéche, 
Portugal Cuba Japan Austria France 
I d I d I d I d I d 
10 9.56 10 9.60 10 9.68 10 9.60 10 9.58 
+d 7.13 Fetal (pS) 3 7.02 2 6.98 
8 4.80 8 4.80 8 4.80 8 4.79 8 4.79 
——— 1d 4.45 xd 4.45 === Cea 
——— —_—— se 1 3.48 3 3.48 
——— 4d 3.40 ——— == Sa 
4 3.19 1 3.20 13 Sy? 3 3, 7A 1 Sn22 
5 Sell! 1 3.10 SS 3 Boil. —— 
——— aoa —_——— ——— 3d 2.98 
— a — —_—— zd 2.88 
2 2.46 3 2.46 2 2.46 2 2.46 = 
4 2.40 5 2.40 4 2.39 5 2.40 4 2.41 
3 2.34 4 2.34 13 2.34 2 EBS 2, DiS 
3 B23 2 DDE y ey, 2 DDS) 3 2.19 
Si Gbe ys als) td ese 15 2) Deals + Pies 
3 1.98 2 1.98 D, 1.98 1 2.00 SS 
2 1.93 z 1.92 3 1.92 aaa ——— 
wees aaa aaa SSS 3 1.83 
1 1.78 1 1.78 ——— ee ——— 
1 1.74 1 1.74 1 Was eGh  bds = 
—— 3 1.68 —— ——— se 
1 1.54 1 158 $ 1.54 1 OS 3 156 
— 3 1.49 ——— sae a 
3 1.42 V 1.42 3 1.42 4 1.43 1 1.43 
D, 1.39 1 1.39 1 1.39 4 1.40 z 1.40 


d= diffuse line. 


faint bronzy appearance. A few thin intercalated layers of a black dense 
mineral were identified by x-rays as pyrolusite. A chemical analysis of the 
mineral, cited in Table 1, shows it to be relatively high in Ba. The «-ray 
powder data are given in Table 2 and Fig. 2. Meixner (1957) notes that a 
soft “wad” occurs at Hiittenberg together with hard, black coatings of 
secondary manganese minerals that probably include cryptomelane and 
hollandite. 

Saipan, Mariana Islands, Pacific Ocean. This material was identical in 
form of aggregation and color with that from Charco Redondo. It is rela- 
tively brittle and hard, however, because it is intimately admixed with 
finely divided silica. Although the mineral appears homogeneous to the 
eye, grains when leached with acid leave a skeleton of silica amounting 
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in some instances to 50 per cent of the sample or more. Efforts to remove 
the silica by treatment with heavy liquids were not successful and a 
chemical analysis was not undertaken. A semi-quantitative spectro- 
graphic analysis revealed that Mg was present in amounts greater than 
Ba and Ca. Small deposits of unidentified manganese oxides have been 
mined on Saipan and their geology has been described by Cloud, Schmidt 
and Burke (1956). 
Romanéche, France. A Museum specimen from this locality showed a 
hard, black crust of ‘‘romanechite” (=psilomelane) that inwardly was 
porous and cavernous. Some of the openings were filled with soft brown 
aggregates of fibrous todorokite. X-ray data for this mineral are given in 
Table 2 and Fig. 2. The x-ray pattern resembles that of the barium-rich 
todorokite from Hiittenberg in that it has a definite line rather than a 
diffuse darkening at about d 7.1 A. The summary description by Lacroix 
(1910) of romanechite from Romanéche mentioned soft to porous fibrous 
varieties that probably refer in part to todorokite. 
Sterling Hill, New Jersey. Todorokite was identified in a small collection 
of secondary manganese oxides from the old surface workings at the 
south end of the orebody at this place (Palache, 1935). The todorokite 
forms soft, dark brownish black masses with a confused leafy-fibrous 
structure. It occurs associated with chalcophanite and secondary calcite 
crystals in altering franklinite-willemite ore. Efforts to separate the 
todorokite from admixed chalcophanite were unsuccessful and a chemical 
analysis was not made. 
Bahia, Brazil. We have also identified todorokite by x-ray means as a 
rare constituent of the manganese oxide deposits at Saude and at Urandi, 
Bahia. The deposits of both areas are largely the result of supergene en- 
richment of metamorphic country rock containing spessartite and other 
manganese minerals. 


OpTicaAL PROPERTIES 


Under the microscope the mineral is dark brown in color and is not well 
suited for optical study; all but the thinnest grains are opaque. It ap- 
pears as irregular, flattened shreds and as minute cleavage flakes, rarely 
also as irregular laths and then apparently with parallel extinction on 
both the flattening and perpendicular thereto. Cleavage flakes and laths 
are not pleochroic; on edge the laths are pleochroic in brown with the 
long direction dark brown to opaque. The intensity of the pleochroism 
varies from faint to strong in material from different localities. The in- 
dices of refraction were observed to be over 2.00. According to Yoshi- 
mura (1934) the mineral from Japan is lath-like, flattened on (010) and 
elongated [001] with terminal edges inclined ca. 60° and 70° to [001]. 
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Cleavages on (100) and (010). He states that Y=6 with Z near or parallel’ 
[001] and absorption Z>X. Our sample of the Japanese material con- | 
formed to the description first given above, although it was relatively | 
dark colored and had a tendency to break into needles rather than into} 
laths or plates. | 


THERMAL BEHAVIOR 


DTA graphs of analyzed material from Charco Redondo, Hiittenberg || 
and Farragudo showed an endothermal peak at about 625° C.; the Hiit- ! 
tenberg material showed an additional endothermal peak at about 980°. 
X-ray study of samples that had been heated in air to temperatures above || 
and below 625° showed that the mineral breaks down near that tempera- } 
ture to hausmannite, Mn3Q,, together with small amounts of unidentified : 
decomposition products that presumably contain the Ba, Mg, and Ca re- 
ported in the chemical analyses. | 


X-RAY POWDER DaTA 


The x-ray powder spacing data for the original todorokite from Japan 
and for the three analyzed specimens from Charco Redondo, Farragudo, | 
and Hiittenberg are given in Table 2 and Fig. 2. The patterns were re- 
corded in iron radiation on both film in a 114 mm. diameter camera and 
by the diffractometer (chart) method. The film data, slightly superior to 
that obtained from charts, is here given. The x-ray patterns show little 
variation other than in the relative intensity of certain lines, notably at 
Cepel AS 


CHEMICAL COMPOSITION 


Chemical analyses of the todorokite from Charco Redondo, Hiitten- 
berg, and Farragudo are cited in Table 1 together with the original anal- 
ysis of the Japanese material. These analyses (and those reported in an | 
accompanying paper by Straczek, Horen, Ross and Warshaw (1960)) do 
not permit a straightforward interpretation. This is often found to be the | 
case with the complex manganese oxides. The crystal chemistry of these | 
minerals generally involves both the coupled substitution of ions of unlike 
valence in one or more cation positions and valence-coupled omissions, 
and a satisfactory answer usually is not obtained until the crystal struc- 
ture is worked out. The ratios of the Charco Redondo and Farragudo ma- | 
terial suggest that the idealized formula contains a total of 7 cations and 
12 oxygen ions, probably as 


(Mn?, Mg, Ca, Ba, K, Na)o2Mn‘;0,.:3H2O 


The amount of water present does not appear to be less than 3H2O and 
may be greater. The SiQ., Fe,O3, AleOs, SO3, and P.O; reported in the 
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analyses may be due to admixture. The Hiittenberg material is relatively 
high in Mn‘, perhaps due to a small admixture of pyrolusite. The ratios of 
the analysis of the original todorokite from Japan depart relatively 
widely from the formula suggested, and the formula (Mn, Ba, Ca, Mg) 
Mn30;- H20 has been proposed, but the sample analyzed evidently was 
rather impure since it contained a total of 2.43 per cent insoluble, P20; 
SO3, and SiOz. 

The formula suggested here for todorokite is analogous to that earlier 
obtained for woodruffite, (Zn, Mn):MnsOi2.-4H2O, by Frondel (1953). 
This mineral appears from x-ray study to be isostructural with todoro- 
kite. 
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STUDIES OF THE MANGANESE OXIDES. 
IV. TODOROKITE* 


J. A. Straczex,{t ArtHur Horen,{ Marcorm Ross,§ anp 
CHARLOTTE M. Warsuaw,|| U.S. Geological Survey, 
Washington, D.C. 


ABSTRACT 


Todorokite is a very abundant manganese oxide mineral in many deposits in Cuba and | 
has been noted from other localities. Six new analyses are given; they lead to the approxi- 
mate formula 


(Na, Ca, K, Mnt?)(Mnt4, Mnt?, Mg).Oi2-3H20. 


Electron diffraction data show the mineral to be orthorhombic, or monoclinic with 6 near 
90°. The «-ray powder pattern is indexed on a cell with a=0.75A, b=2.849A, c=9.59A, 
6=90°. A differential thermal analysis curve is given. 


INTRODUCTION 


From 1940 to 1945, the U. S. Geological Survey made a study of the 
manganese deposits of Cuba and especially those in Oriente Province. 
Several preliminary reports were published and the results were sum- 
marized in papers by Lewis and Straczek (1955) on the geology of south- 
central Oriente and by Simons and Straczek (1958) on the geology of the | 
manganese deposits of Cuba. The latter paper describes the deposits, but 
gives only a sketchy account of the mineralogy of the manganese oxides, 
which was known incompletely although a considerable amount of «-ray 
data had been accumulated. 

The present paper deals with a manganese oxide mineral, whose «-ray 
pattern was recognized as being distinctive in 1941 and which was desig- 
nated for some years as ‘‘Mineral T.”’ X-ray studies by J. M. Axelrod 
from 1946 to 1948 showed that this mineral was an abundant constituent 
of the ores at many localities in Oriente Province, but that it was so inter- 
grown with other minerals that the preparation of samples pure enough 
to warrant chemical analysis was extremely difficult. The best five sam- 
ples were finally selected and their analysis was completed in 1952. At 
that time, it was learned that Arthur Horen, who had made a field study 
of the manganese ores of the Charco Redondo-Taratana district in 1951— 
1952, had also identified the same material by x-ray study at Harvard 
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University, and it was decided to publish the results jointly. At about 
this time, the mineral was named delatorreite in honor of Carlos de la 
Torre y de la Huerta (1858-1950), eminent Cuban paleontologist. The 
name has frequently been used since within the U. S. Geological Survey 
and unfortunately appeared in print (Simons and Straczek, 1958, p. 66) 
without a description of the mineral, before the identity with todorokite 
(Yoshimura, 1934) had been established by Frondel, Marvin, and Ito. See 
preceding article, p. 1167. The name delatorreite should now be dropped. 

Changes in assignments for several of the authors plus frequent ab- 
sences abroad for one of us have long delayed publication of our results. 
We had hoped to do more work on the mineral, but in view of its abun- 
dance and widespread distribution, it seemed best to present our data 
now. 

OCCURRENCE AND ORIGIN 


Todorokite has been found at many mines in Oriente Province, Cuba, 
and is one of the dominant manganese oxide minerals at the Charco 
Redondo, Taratana, Ponupo, and Quinto mines; probably many thou- 
sands of tons of it have been mined. Commonly associated minerals are 
pyrolusite, cryptomelane, manganite, psilomelane (including a very 
poorly crystalline variety), quartz, feldspar, and calcite. A list of localities 
in Oriente Province is given in Table 1; the page numbers refer to the de- 
scriptions of the deposits in Simons and Straczek (1958). 


TABLE 1. OCCURRENCES OF TODOROKITE IN ORIENTE PROVINCE, CUBA 


Reference 
Mine Name of workings, shafts, or pits Simons and Straczek, 
1958 (pages) 


Boston mine 158-161 
Quinto mine 167-170 
Charco Redondo Socias, Marinez, Unitoria, K-1, K-6, 

Gutierrez Batey, No. 1, KX 185-191 
Lucia mine 192-194 
Taratana mine Canada, Lego 195-198 
Guanaba mine 202-204 
Sorpresa mine 213 
Manacas District 213-215 
Fortuna mine 220 
New York mine 226-227 
Yeya mine 235-237 
Abundancia mine 238-240 
Ponupo mine W., Center, and E. Sultana, No. 3, 

Juanita 243-256 


Ponupo de Manacal 264-268 
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In addition, todorokite has been identified by «-ray study in the labo- | 


ratories of the U. S. Geological Survey as a constituent of ores from the 
Embreeville mine, Embreeville, Tennessee; the Lucifer mine, Baja Cali- 


fornia, Mexico; the Nsuta mine, Ghana, Africa; and the Taxud area, || 


Philippines, also as a constitutent of incrustations from Bikini Atoll and 
of a deep-sea nodule from the Pacific, from near Cadiz Dry Lake, Cali- 
fornia, and as a coating on colemanite from Furnace Creek, Death Valley, 
California. 

The manganese ores at the Cuban localities are interbedded with vol- 
canic tuff, now largely altered to montmorillonite clays, and with jasper 
(bayate), and limestone. At Charco Redondo the “‘delatorreite” is com- 


monly the matrix for limestone and tuff and in part replaces them. It has | 
commonly crystallized around kernels of tuff. The bayate occurs in lenses | 


ranging in thickness from an inch or two to as much as a foot. It consists 
of rounded quartz spherulites in a ferruginous matrix; the spherulites 
range in size from a micron to several tenths of a millimeter and com- 
monly show growth banding with silica alternating with layers of hy- 
drous (?) iron oxides. The contact between the bayate and the massive 
todorokite is usually, but not always sharp, and there was no definite evi- 
dence of either replacing the other. Both were, however, cut by crystal- 
line quartz, commonly amethystine, which lines vugs and contains 
shreds of bayate and inclusions of manganite or pyrolusite. The last 
mineral formed was rhombohedral calcite, which occurs in veins and 
perched on the vuggy quartz. 

The todorokite has been altered near the surface and along faults or 
fissures to pyrolusite, and perhaps to manganite. 

The origin of these deposits is discussed at some length by Simons and 
Straczek (1958, p. 103-110), who conclude that the source of the manga- 
nese was probably hot springs. Horen believes the deposits to be of 
marine sedimentary origin. In contrast, the type todorokite from the 
Todoroki mine in Hokkaido, Japan, was believed by Yoshimura (1934) to 
have been formed by late-stage hydrothermal solutions altering inesite. 


PHYSICAL PROPERTIES 


Todorokite from Cuba commonly occurs as columnar aggregates, but 
is also found as fine fibers and as irregular masses. The color and streak 
are brownish-black to dark brown; comparison by J. J. Fahey with 
Ridgway’s Color Standards of the analyzed samples nos. 1-4 showed two 
matching dusky purplish gray and two matching sooty black. The ap- 
parent hardness is low, the material breaking into fibers; the true hard- 
ness is not known. Specific gravity measurements by Horen of six sam- 
ples on the Berman balance gave an average of 3.49; four pycnometer de- 
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TABLE 2. ANALYSES OF ’/DELATORREITE” FROM CUBA AND TODOROKITE FROM JAPAN 


1 2 3 4 5 6 7 

MnO, VisSim JO AS nOS46) © 1561 @ 67,860) 677 1980 6559 
MnO 10.04 See LON0e OIG TCAs B Ides oP eel sy 
CaO 2.57 1.52 2.13 2.66 Brod 2.03 3.28 
SrO 0-60) EOE = 910-13 0.53 0.92 = = 

BaO 1.05 0-207 40m OM Seen 0854 01a a eee? 05 
Na.O 1.30 28 td O85 1.45 1p34e Oot 
K.0 0.24 OAs 0275 148i 006) me 0543 ae Ons 
MgO 1.04 3.51 3522 1.58 588 ou 3513 1.01 
CoO — 0.02 0.18 = — 0.2 = 

CuO tr tr 0.44 tr 0.02 — — 

Al.O3 VAG OIE © 01 9nes 20-12) 80-25 — 0.28 
FeO; 0.06 0.06 0.07 0.06 0.18 — 0.20 
SiO» 0.95 On24s = 0AM 0x64 0/64. 0.14 1.738 
H.O- 8.80 ee ne [19:03 <f-9.47. 110.69. {1.56 
H.O+ \ Noe 
Others == = = = — = 0.70» 


99.48 99.27 99.51 98.90 99.02 99 .88 99.24 
Active O UG AGASSI AOS tlete RT AOS AO) a 
G 3.82 3.66 3.68 Balke = = 3.67 


® Includes SiO, 0.45, insol. 1.28%. 

b Includes P.O; 0.42, SO; 0.28, CO; oles TiO<; tie 

¢ Average of 2 determinations. 

Analyses 1-5 by C. M. Warshaw; SrO in CaO by W. W. Brannock and E. A. Nygaard 
with flame photometer; SrO in BaO by K. J. Murata and R. S. Harner spectrographically; 
alkalies by W. W. Brannock with flame photometer; [e20; colorimetrically by S. M. Berth- 
old; cobalt by L. E. Reichen polarographically. Analysis 6 by F’. A. Gonyer, Harvard Uni- 
versity; analysis No. 7 from Yoshimura (1934). 


Sample descriptions 


Nos. 1-5. Collected by J. A. Straczek; No. 1 from Quinto, shown by «-ray study to con- 
tain a trace of pyrolusite; No. 2 from Tarantana; No. 3 from Charco Redondo, contains a 
trace of calcite; No. 4 from Guanaba, contains a small amount of cryptomelane; No. 5 
from Ponupo; the x-ray pattern shows some weak unidentified lines; No. 6 collected by 
Arthur Horen from Charco Redondo, Batey No. 1 shaft. 


terminations by Fahey and one by Yoshimura (Table 2) gave 3.66-3.82; 
the higher values by pycnometer are to be expected for such fibrous ma- 
terial. 

CHEMISTRY 


Analyses of six samples from Cuba are given in Table 2 along with the 
analysis of todorokite from Japan (no. 7). Spectrographic analysis of 
Nos. 1-5 by K. J. Murata showed the following: 
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Mo—.0X in samples 1, 2, and 4, 0.00X in 3 and 5 
V and B—.OX in samples 1 and 5, .0OX in 2 and 3 
Ni—.0X in samples 2, 3, and 5, .0OX in 4, .000X in 1 
Cu—0.X in samples 3, .OX in 5, .0OX in 4, .000X in 1 and 2 
Co—0.X in samples 3, .OX in 2, .0OX in 1, 4, and 5 
Ti—.00X in samples 1, 2, and 5, .0OOX in 3 and 4 


Not found—Ag, As, Au, Be, Bi, Cd, Cr, Ga, Ge, In, La, Li, Nb, P, Pb, Pt, Re, Sb, Sc, Sn, | 


Tl, W, Y, Zn. 


Analyses 1-7 (Table 2) were recalculated, neglecting SiQ2, Al2Os, 
Fe,03, P2O;, and SOs; it is possible that these are not actually impurities. 
For analysis 7, HyO+ was taken, for the others total H,O. From the unit 


cell dimensions obtained by Ross, formulas with O=11 or O= 12 (not in- | 


cluding H,O) seemed possible. The results are given in Tables 3 and 4. 


TABLE 3. ANALYSES OF TODOROKITE RECALCULATED 


For O=11.0 
IDE Mol. 
No. Caa Na K DX | Mint) Min? |) Mieb | ay +Y H:O aye 
1 On | OL | OOS) 1 .C0 4h 7s | Oeil | Os | SoS! | 5.04 | QS | Sas 
D OA |) O28 | WcOs | Os | 4724 Oil | O.50 | S95 | ©.40 | S86 | Sot 
3 OAS OLE OOS) 1) Oerl |) AE | OES | Oponl || S88] GSO || S86 | Se 
4 Sal 1) We iley |) COR | Was) | 45725 | OY | O25 | So | O.4e | P88 I Sie 
5 OE OE | OO |) Oks | AE) | OLS || Oss | S02 | O60 |) SCO |. S76 
6 O22 | O79) OOS 1 O54 | 2.40 | tO | Oy | Geile] O.6F | S.44 | 57 
7 OEE OE MOOS | Ops) | Ano | Oy | OS |) S86 | Giz |) SoBe | Ss 

For O=12.0 
1 OES OLAS OOS | OC PO | OO | OG) OA | 6.98 |) S.06 | wile 
2 Dek) |) OAS WHS 1) O50 | Sly | O78 | O54 | O40 | 6-89 | 3.67 | Gis 
3 OF | ORS | OO | Oso7 | SO | 0.985 | O57 | O.54 | 728 |) S83. or 
AS Ose Onl (OPO! Oa Sly | O80} O25 | 6.32 | 708 |, S14 |) Gis 
5 OS TAL WOO OOS | TOG) | ZEOSS | aL Ol | O24) | Got | 7.2? | BBS | ore 
6 re OP | OR | Wns ARON SO) | MLS | G70 | 707 | BG | OB? 
i 0.48 | 0.05 ORCS |) Wail | sO | te | Only | G40) | 7 Oil | S62 |) OX 


® Including Sr and Ba. 
b Including Co and Cu. 


The measured specific gravities, as shown in Table 4, do not agree well 
with those calculated on either assumption. They are lower than those 


calculated for O=12; because measured specific gravities tend to be low, | 
the formulas in Table 3 calculated on the basis O=12 seem more prob- | 


able. The formula of the mineral might then be written as 


(CB, Na, K)o.5-1 i(Mn*4, Mn*?, Mg). 1~6,.7012° 3H20. 


| 


| 
| 


| 


| 
| 
| 
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TABLE 4. CALCULATED AND MEASURED SPECIFIC GRAVITIES OF TODOROKITE 


No. G (calcd. for O=11) G (calcd. for O=12) G (measured) 

1 3.49 3.81 3.82 

2 3.49 3.81 3.66 

3 Bool 3.90 3.68 

4 3.49 3.81 3.78 

s) Hou 3.89 = 

6 3.59 3.91 — 

7 3.61 3.94 3.67 
Average 3.54 Sol Sof 


It will be noted that the sum of the cations is close to 7; if sufficient Mnt? 
is taken to occupy Ca positions, the formula might alternatively be 
_ written as 

(Ca, Na, Mn*2, K)(Mnt4, Mn*?, Mg),Oi2:3H,0. 


The Mg might also be placed with the first group. All the analyses, in- 
cluding No. 7 for which H,O~ was determined, show more than 3H:0; 
presumably some of this in the first six analyses is H,O-. 

Woodruffite (Frondel, 1953), which is probably isostructural with 
todorokite, was assigned the formula (Zn, Mnt?)y Mnst+4Oi2-4H2O; here 
again the sum of the cations is 7. 


ELECTRON MICROSCOPE AND ELECTRON DIFFRACTION DATA 
ON “DELATORREITE”’ 


Electron micrographs of analyzed samples (Nos. 1-5, Table 2), show 
the crystals to be thin plates flattened on {001}. Many of the plates are 
broken into narrow laths or blades which are elongated parallel to the 6 
axis (Figs. 1, 2). It appears as though the crystals have two perfect 
cleavages parallel to {001} and {100}. 

All five samples give identical electron diffraction patterns. The elec- 
tron diffraction single crystal pattern (superimposed on the todorokite 
powder pattern) shown in Fig. 3, gives the dimensions of the unit cell 
within the basal plane (within the plane of the plate). The single crystal 
pattern is indexed as shown in Fig. 4. 

Measurement of the electron diffraction patterns of ‘‘delatorreite”’ 
yield: a=9.75 A, 6=2.84, A and S=90°. The x-ray powder pattern of 
“delatorreite” shows lines at 9.6 A, 4.77; A, 3.19 A, and 2.398 A suggest- 
ing strongly that the spacings in the c-direction (basal reflections) are 
0.59/n A, where n is the order. The above data indicate that “delator- 
reite” is orthorhombic or monoclinic with a=9.75 A, 6=2.845 A, and c 
sin B=9.59 A. The x-ray powder pattern can be indexed assuming an 
orthorhombic cell (@= 90°), as shown in Table 5S. 
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Fic. 1. (Left) Electron micrograph of todorokite. 
Fic. 2. (Right) Sketch of a typical crystal of tcdorokite, showing plate flattened on 
(001) and broken into thin blades elongated along [010]. 


Fic. 3. Electron diffraction spot pattern superimposed on the todorokite powder pattern. 
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DIFFERENTIAL THERMAL ANALYSIS 


A differential thermal analysis was kindly made by George T. Faust, 
U. S. Geological Survey, on the analyzed material from the Quinto Pit 
(Sample no. 1 of Table 2). The curve is given in Fig. 5. Interpretation of 
this complex curve is deferred; further investigations of this and other 
manganese oxides are under way at the U. S. Geological Survey. 
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Fic. 4. Method of indexing the spot pattern shown in Fig. 3. 
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TaBLe 5. X-Ray PowpeER DATA FoR ““DELATORREITE”” AND TODOROKITE, 
Fe RapiaTrion, Mn Fivter, 114 mm. Dia. CAMERA 


“Delatorreite”’ Todorokitet 

IL d (meas)  d (calc)* hkl d (meas) I 
9.747 100 

9.6 s 9.592 O01 9.65 10 

Ue 

6.837 101 
4.873 200 

ART s 4.796 002 4.81 8 

4.46 3 
4.345 201 
4.303 102 
3.418 202 
3.256 300 

3.19 Ww Sie SIS) 003 35-40) 4 
3.077 301 
SelLl=2295) band 3.038 103 
2.849 010 
2.734 110 
Dpesif band a Oe 
; as 2.690 302 
2.673 203 
2.630 111 
2.460 210 

2.448 m 2.449 012 2.45 3 
DA 400 

2.398 004 2.40 4 
oa 3 2.382 211 
2.376 1) 
2.362 401 
ee a 2.329 104 
2.279 303 

2 PAN m 2.189 22 2.216 4 
DMA 402 

2.16 f-b 2) MSV 204 DANS) 1 
2.142 310 
DMO 013 
De lel f-b 2.091 311 
2.078 113 

1.956 312 1.981 1 
Rise ee 1.950 500, 213 
1.938 403 
1.930 304 


* Assuming an orthorhombic unit cell with a=9.75A, b=2.849A and c=9.59A, 
{ From Frondel, Am. Mineral., 38, p. 766 (1953). 
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TABLE 5 (Continued) 


“Delatorreite”’ Todorokitet 
I d (meas) d (calc)* hkl d (meas) il 
1.92 Ww 1.918 005 
1.910 501 
1.882 105 
1.852 410 
1.834 014 
1.818 411 
1.806 502 
1.803 114 
1.785 205 
1.780 313 
1.74 wm 1.728 412 
iL AME 214 
1.69 f-b 1.709 404 
1.664 503 
1.652 305 
1.623 600 
1.612 510 
1.605 601 
1.602 413 
1.599 006 
1.597 314 
1.591 015 
1.587 511 
1.578 106 
1.570 115 
1.543 Sil 
589 602 
L238 ee ae 206 
1.513 215, 504 
1 SOW 405 
1.466 414 
1.448 603 
1.437 513 
1.434 306 
1.429 315 
1.423 m 1.424 020 1.419 4 
1.392 1 
5 


SSI 


Murata for spectrographic analyses, to J. J. Fahey for determinations of 
specific gravity and color correlation, to George T. Faust for the differ- 
ential thermal analysis, to W. T. Schaller for information on the occur- 
rence in Death Valley, and to F. A. Gonyer, formerly of Harvard, who 


1184. J. A. STRACZEK, A. HOREN, M. ROSS AND C. M. WARSHAW 


made a chemical analysis. We also thank Clifford Frondel of Harvard for | 
the use of this unpublished data and Michael Fleischer of the U. S. | 
Geological Survey, who acted as liaison among the various groups and | 
helped to assemble this paper. | 


REFERENCES 


FRONDEL, CLiFForD (1953). New manganese oxides: Hydrohausmannite and woodruffite: 
Am. Mineral. 38, 761-769. 

Lewis, G. E. anp Straczek, J. A. (1955). Geology of south-central Oriente, Cuba: U.S. | 
Geol. Survey Bull. 975-D, 1-336. 

Simons, F. S. AND STRACZEK, J. A. (1958). Geology of the manganese deposits of Cuba: 
U.S. Geol. Survey. Bull. 1057, 1-289. 

Yosurmura, Tovorumi (1934). ‘““Todorokite,”’ a new manganese mineral from the Todoroki 
Mine, Hokkaido, Japan: Jour. Faculty Sci. Hokkaido Imp. Univ., Ser IV, 2, 289-297. | 


Manuscript received March 3, 1960. 


THE AMERICAN MINERALOGIST, VOL. 45, NOVEMBER-DECEMBER, 1960 


A HEATING MICRO-COIL FOR THE STUDY OF 
MINERAL FRAGMENTS AND HEAT-ETCHING 
OF POLISHED SECTIONS 


Witi1am C. KEeLty AnD Joun M. DENoyenr, 
Department of Geology, The University of 
Michigan, Ann Arbor, Michigan. 


ABSTRACT 


A small heating coil is described that can be used to heat selected minerals grains in a 
microscopic field of view to partially controlled temperatures as high as 400° C. Preliminary 
tests have been made on mineral fragments and minerals in polished section. Samples can 
be watched as they are heated. A wide variety of effects such as color changes, release of 
sublimates, dehydration, melting, and the cracking and explosion of grains have been ob- 
served in testing mineral fragments. Many of the more heat sensitive ore minerals studied 
in polished section showed unusual reactions to the heat of the coil. The copper sulfides and 
some silver minerals proved to be most reactive. Heat-etching of chalcocite produced the 
distinctive patterns previously described by Stephens (1935). 


INTRODUCTION 


In the study of mineral fragments or polished ore sections, valuable 
data might often be gained by the application of known heats to mineral 
grains. For this reason, the writers have designed and constructed a 
small heating coil which can be brought into a microscopic field of view 
and there be used to heat selected grains to partially controlled tempera- 
tures as high as 400° C. A mineral may be continuously observed as its 
temperature is raised, and any reaction such as a loss or change of color, 
dehydration, release of a sublimate, or melting may be seen and recorded. 

The coil is very effective in producing heat-etch patterns in chalcocite. 
A variety of effects, some diagnostic, may be obtained with other heat- 
sensitive minerals in polished section. 

The apparatus has neither the range nor the accuracy of differential 
thermal analytical equipment and is certainly not proposed as any substi- 
tute for that method. It merely provides some types of information that 
cannot be won from a differential thermal curve. 

This paper is presented to describe the instrument and to discuss the re- 
sults of its preliminary trials with some minerals. 


EQUIPMENT 


The micro-coil control circuit was assembled into a single unit de- 
signed to stand beside a microscope as shown in Fig. 1. The coil, mounted 
in a phone plug, is inserted into the side of the control box and extends 
over the microscope stage. The coil was wound from a short length of 
chromel A 30 gauge wire. A convenient method of winding the filament is 
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Fic. 1. The micro-coil in position for heat-etching of a polished section. 


to wrap the chromel wire around a piece of bare 20 gauge wire. About 25 
turns are sufficient to produce a satisfactory coil. The free ends of the 
chromel wire should be about 2 cm. long after the coil has been wound. A 
junction between these free ends and 20 gauge copper leads is formed by 
clamping the chromel wire into the ends of the copper leads. This junc- 
tion must be smooth enough to permit it to be drawn into the tubular 
openings in the porcelain insulator and tight enough to prevent open cir- 
cuits. It is important to have at least 1.5 cm. of chromel wire between the 
coil and the copper wire to prevent too rapid heat conduction along the 
leads. The lower chromel wire portion of the leads should be bent up 
sharply at the coil to prevent irregular heating below the coil. 

The probe assembly consists of the micro-coil with its associated leads 
and insulator enclosed in an aluminum tube and attached to a Mallory, 
Type 75, Standard Phone Plug as shown in Fig. 2. This type of assembly 
has proved to be convenient to use and permits rapid replacement of the 
entire probe in case of burn out. Filament life varies with temperatures at 
which the coil is used and with the types of material studied. Sulfur fumes 
liberated by some minerals cause corrosion of the chromel wire and re- 
duce the coil life. When used under varying conditions, a single coil can 
be expected to last about 20 hours. 


A 0-1 ampere A.C. ammeter with a shunt resistor, Ri, was used to 
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SPST Switch 
Ov AC S > 63 
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82 25 watts A.C. amps 
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Fig. 2. Cut-away view of the heating probe and circuit diagram for the micro-coil apparatus. 


measure the current flowing through the coil. The shunt resistor was 
made from the same resistance wire as the micro-coil and attached di- 
rectly to the terminals in back of the meter. Ranges of current measure- 
ment from 0-1 to 0-4 amperes can be easily obtained by varying Rs. For 
most purposes a standard 0-3 ampere A.C. meter should prove satis- 
factory. If such a meter is used the resistor, Rs would not be necessary. 

One difficulty encountered in operation of the equipment results from 
the heat liberated by the control circuitry. The rheostat and shunt re- 
sistor become quite hot when large currents are used. Rubber insulation 
in contact with these elements melts producing short circuits. This 
danger can be reduced by using stiff wire that will stay in place and at- 
taching it so that it will not tend to come in contact with circuit elements 
that may become hot. As an added precaution, wire that is covered with 
heat resistant insulation can be used. 

In operation, the coil must be used with an objective of low magnifica- 
tion that focuses at a safe distance from the hot wire. A 32 mm. lens with 
a working distance of 27 mm. was used throughout the present work 
without any evident damage. 
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CALIBRATION 


The micro-coil was calibrated by repeated measurements of the 
amounts of current required to melt fragments of “Tempil Pellets.” 
These are commercially available temperature standards whose melting 
points are known within 1% limits. 

The Tempil fragments were tested on glass slides placed on the stage of 
a mineralographic microscope which could be racked up toward the fixed 
height of the heating coil. A constant distance between the upper surface 
of the slide and the lower surface of the coil was maintained in all opera- 
tions by use of a hard manila spacer. 

The current required to melt any given Tempil material varied with 
the size of the fragment tested. This variation is illustrated in Fig. 3 
(right). Higher currents are required for smaller grains because their 
upper surfaces lie at greater distances from the coil. Greater variance in 
current readings was also detected with smaller grains probably due to 
the facts that they respond more rapidly to small temperature fluctuations 
such as those caused by air currents and that any variation due to in- 
homogeneities of the Tempil Pellets is most apt to appear when these are 
finely subdivided. Fragments over 0.5 mm. gave consistent readings pro- 
vided they were not so large as to touch the inside surface of the coil 
(inner diameter =0.76 mm.). 

The calibration curve for the heating coil is shown in Fig. 3 (left). Due 
to the changing slope of this curve, the temperature range indicated by 
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lic. 3. (Left) Calibration curve of the micro-coil. 


(Right) Effect of fragment size on the current required to melt a given standard 
material. 
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any setting on the instrument becomes larger as the temperature goes up. 
With elaborate equipment these temperature readings would undoubt- 
edly be refined. 


TESTING MINERAL FRAGMENTS 


Table 1 presents a summary of the thermal tests made on different 
minerals by use of the heating coil. Published reaction temperatures are 
also listed for comparison, and, unless otherwise indicated, these data 
were taken from a recent review of geologic thermometry by Ingerson 
(1956). 

Known mineral fragments were tested by selecting grains 0.5-0.6 mm. 
in diameter, bringing them to focus in the center of the field, and very 
gradually increasing the current flowing through the heating coil. Any 
change in the appearance of a fragment was noted and the corresponding 
ammeter reading was recorded. By simply watching a fragment heated in 
this manner different types of reactions can be distinguished and an 
approximate temperature range assigned by reference to the calibration 
curve (Fig. 3 left). 

Minerals that melted within the range of the instrument usually 
showed marked color changes, development of droplets on the grain sur- 
faces, or sudden conversions of a fragment to globular form. In some 
cases, melting was accompanied by the formation of condensates on that 
part of the glass slide surrounding the grain tested. Realgar, for example 
turned a deeper red and finally black on melting and a bright yellow 
condensate formed around the melted grain (Figure 5A). 

Chalcanthite, gypsum, melanterite and goethite were analyzed as rep- 
resentative hydrated minerals. In the case of hydrates that decompose in 
several stages, the first and last dehydrations may usually be detected 
but the intervening reactions are masked by the opacity developed in the 
first stage. The final dehydrations of melanterite and chalcanthite were 
evidenced by contraction of the grains and changes in color. 

The decomposition of goethite (FeO:-OH—aFe0;) proved sluggish 
and coil settings well above the equilibrium temperature were required 
before any visible signs of reaction appeared. A differential thermal anal- 
ysis of the same material (heating rate, 12.5° C./min.) showed the first 
trace of an endothermic decomposition at 250° C. and the peak occurred 
at 320° C. When the heating coil was set at temperatures over 300° C. the 
goethite changed from yellow to red very rapidly, but there was no ob- 
servable change in the mineral when the coil was left for five minutes at 
the equilibrium decomposition temperature. The heating rate of the 
micro-coil is manually controlled and so the instrument should prove of 
value in estimating reaction rates. 
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TaBLeE 1. THERMAL Tests or MINERAL FRAGMENTS 
Known Reaction Observed Reactions 
Mineral Reported Cur- Appr. 
Reaction Temp. Observation rent Temp. 
(Ce) (Amps) (eR) 
1) Sulfur, S Melting 119° Fragment melts, yellow con- 0.84 115°-130° 
densate on glass slide 
2) Realgar, AsS Melting 320° Fragment becomes a darker | 0.45 255°-320° 
red, yellow condensate on 
slide 
Fragment turns black, melts 0.50 305°-400° 
3) Orpiment, AseS3 | Melting 310° Fragment yellow—red, melts 0.47 273°-350° 
yellow condensate on slide 
4) Bismuth, Bi Melting Die Melting, silvery globules form 0.45 255°-320° 
white condensate on slide 
5) Lead, Pb Melting Sze Fragment becomes iridescent 0.47 273°-350° 
Starts to melt, silvery globules 0.50 305°—400° 
form 
Entire fragment melts, white 0.54 345°-+ 
condensate on slide 
6) Amber* Softens 150° Surface becomes soft, tacky 0.30 162°-187° 
Melting 250°-300° | Fragment—liquid globules 0.38 208°-245° 
7) Copal Melting 120°-166° | Rapid melting globules 0.19 105°-120° 
8) Niter, KNOs Melting 333° Fuses rapidly to transparent 0.51 315°—425° 
droplets 
9) Soda Niter, Melting 310° First signs of melting, some 0.45 255°-310° 
NaNOsz fragments move, edges melt 
Rapid melting, globules 0.57 273°-350° 
10) Chalcanthite, a) Dehydration 95° Lowest coil temp. blue trans- Only 95°-110° 
CuSO4-5H20 b) Dehydration 114° parent grains slowly white 
c) Dehydration 250° opaque cannot distinguish 
1st & 2nd dehydration 
Fragments contract, surface 0.43 240°—-295° 
appears sintered, tan color 
11) Gypsum, a) Dehydration 128° Transparent fragment—milky 0.23 122°-140° 
CaSO4:2H20 b) Dehydration 163° white, opaque sluggish at 
this setting (30 seconds) 
Same change very rapid, sec- 0.25 133°-155° 
ond dehydration not detected 
12) Goethite, Dehydration 135° Yellow fragments—red (slug- 0.32 170°-200° 
FeO-OH gish) 
13) Melanterite a) Dehydration ihe Lowest coil setting, fragments 0.17 95°-110° 
FeSO4:7H2O0 b) Dehydration 100° —opaque, white; coil left at 
c) Dehydration 300° this setting for five minutes 


—then turned up—No sign 
of 2nd dehydration 


* Data from Dana, E. S., Textbook of Mineralogy (1932). 
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TABLE 1 (Continued) 


Known Reaction Observed Reactions 
Mineral Reported Cur- Appr. 
Reaction Temp. Observation rent Temp. 
CC) (Amps) CC.) 
Rapid change, white—dark 0.49 295°-385° 
brown 
14) Malachite, Decomposes 200° Tan spots appear on green 0.40 220°-262° 
CuCOs:Cu(OH)2 translucent fragments, slug- 
gish 


Fragments move, turn brown | 0.52 325°=- 


15) Azurite Decomposes 200° Grains—deeper blue to black- 0.43 240°-295° 
2CuCo3-Cu(OH)s ish blue 
Grains fuse, sinter, turn black 0.60 415° 
16) Smithsonite, Decomposes 296° Grains—yellow, crack 0.57 380° + 
ZnCOs 
17) Siderite, Decomposes 282° Gradual color change, white 0.48 285°-365° 
FeCOs tan 
Grains move, turn reddish 0.51 315°-425° 
brown 
18) Magnesite, Decomposes 373° Grains move, turn It. yellow, 0.53 335°-- 
MgCoO; sintered appearance 
19) Rhodochrosite, Decomposes 400° Gradual cracking of surface, 0.50 305°-400° 
MnCO3 grains become opaque: slug- 
gish 
Grains—brown to black iri- | 0.55 360°-+ 
descent 


Malachite, azurite, smithsonite, siderite, magnesite, and rhodochrosite 
were studied as examples of minerals losing CO: on decomposition. As a 
group, these reactions proved sluggish and were usually visible only at 
temperatures above published equilibrium values. The decompositions 
were evidenced by cracking, movement, and in some cases explosion of 
grains that disappeared from the field of view. Some of the decomposi- 
tions were accompanied by a color change as indicated in Table 1. 

Several specimens of fluorite were heated in a darkened room with the 
micro-coil to determine whether thermoluminescence could be observed 
with this equipment. The instrument proved unsatisfactory for this pur- 
pose, because the thermoluminescent glow, if any, is obscured by the red 
glow of the hot coil. Loss of radiation colors can, however, be detected 
and approximate temperatures assigned to the color loss. A specimen of 
violet fluorspar, for example, showed no change in color as its tempera- 
ture was gradually raised to 400° C., but at coil settings above this the 
grains became less transparent in the center and fading began at the 
edges. 
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In Fig. 4, a graphical correlation is made between published and ex- 
perimental thermal data. For the majority of reactions, the measured | 
temperatures agreed with published data within the experimental 
errors. Exceptions are the more sluggish reactions such as the decomposi- | 
tion of goethite and some of the carbonate minerals as previously dis-| 
cussed. 


HEAT-ETCHING OF POLISHED SECTIONS | 

The photochemical properties of metallic minerals in polished section 
have been investigated by Guild (1917), Whitehead (1917), McKinstry 
(1927), Petrulian (1931), Schneiderhohn and Rahmdohr (1931), and 
Stephens (1931, 1935). In the majority of these studies, effects of intense | 
light and heat were tested by bringing the beam of a carbon arc to focus| 
on a mineral surface at high magnification. Among the many minerals | 
studied by these researchers, the silver haloids and sulfo-salts, silver 
sulfide, some gold-silver tellurides, and some of the copper sulfides proved | 
to be most reactive. 
The most recent and extensive studies in this field are those of Stephens 
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lic, 4. Correlation of known reaction temperatures with temperatures determined 
with the heating coil. Numbers on the diagram refer to reactions listed in Table 1. 


HEATING MICRO-COIL 1193 


om 
a : = 


Fic. 5(A). The micro-coil moved aside for view of realgar fragment that has just been 
heated to 305°-400° C. The relict of realgar is red and is surrounded by a yellow condensate 
on the glass slide. (Magnification 8.9.) 

(B). Polished surface of chalcocite (white) and bornite (grey) heat etched for two mia- 
utes at 420° C.+. Etched chalcocite originally under the micro-coil is seen in the center of 
the photograph. (Magnification 20.8X.) 

(C). Field of chalcocite with scattered remnants of unreplaced bornite before heat- 
etching. (Magnification 64.2.) 

(D). Same field as 5C after heat-etching at 135°-155° C. The bornite has become a light 
pinkish-violet and a distinct parallel etch cleavage has appeared in the chalcocite. Nitric 
acid etching produced a weaker two-directional cleavage in this same chalcocite. (Magnifi- 
cation 62.4.) 

(E). Field of chalcocite replacing bornite before heat-etching. A barely visible isotropic 
blue mineral (presumably digenite) rims the bornite remnants. (Magnification 64.2 X .) 

(F). Same field as 5D after prolonged heating at 250°-305° C. Bornite has become a 
deep purple and has begun to replace the chalcocite. The chalcocite remains grey but de- 
velops a deep etch pattern parallel over the field. The digenite fades and migrates as a dif- 
fuse band at the moving contacts of bornite and chalcocite. (Magnification 64.2 X.) 
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who investigated the effects of light on polished surfaces of silver mich 
erals (1931) and the use of a carbon arc in identification of different gen-| 
etic types of chalcocite (1935). In etching the silver minerals, Stephens} 
used Wratten filters to control the wave length of light impinging on the 
mineral surface and a cupric sulfate bath to eliminate the majority of 
heat from the arc light. Realizing that the reactions of the copper sulfides, 
are due primarily to heat, Stephens used the full spectrum of the carbon| 
arc in etching sections of chalcocite. He viewed the specimens being) 
tested through a camera attachment to avoid the discomfort of an un- 
usually bright image. When heated, chalcocite developed a variety of} 
etch figures some of which are diagnostic of the origin of the mineral. 
Stephens concluded that these figures can be used to distinguish (1)| 
hypogene from supergene chalcocite, (2) separate generations of chalco- 
cite, and (3) chalcocite after bornite as opposed to chalcocite without any 
relation to a paragenetic predecessor. 

As a strong and controllable source of heat, the micro-coil seemed a 
practical device for producing some of the reactions described by these} 
earlier workers. Any effects obtained could be ascribed primarily to heat 
since only a normal tungsten light source was used to observe the speci 
mens during tests. No special equipment is required to view the polished 
sections as they are heated. At the maximum setting of the coil 420° 
C.+), the image of the specimen is still clear and there is no discomfort | 
to the eyes. 

A drawback to use of the coil is that its effects cannot be removed] 
without re-surfacing the polished section. The area damaged depends on; 
the temperature of the coil, the time of exposure, and the sensitivity of} 
the mineral examined. A field of chalcocite heat etched at the maximum 
coil temperature for two minutes is shown in Fig. 5B. Grains of chalcocite: 
near the edge of this field show no effects of heat but a large, roughly 
circular area in the center has developed one of the etch patterns char- 
acteristic of this mineral. The etched area has a maximum diameter of 
2.1 mm. Another part of this same section was heat-etched at 135° 
155° C. and details of this etch pattern may be seen at higher magnifica- 
tion in Fig. 5D. 


Asummary of observations made in applying the micro-coil to different 
minerals in polished section is presented in Table 2. A temperature range 
is given for each reaction based on the Tempil pellet calibration curve in 
Fig. 4. With polished sections, this range is only a relative indication of 
the temperature at which a reaction takes place. The principal source of 
error in applying the calibration curve to polished sections is the variable 
conduction of heat away from the tested area by adjacent mineral grains. 
In tests of mineral fragments on glass slides, the surrounding medium 
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TABLE 2. THERMAL TESTS OF POLISHED SECTIONS 


Mineral 


Composition 


Observed Reactions 


Argentite 


Bornite 


Chalcocite 


Covellite 


Ages 


5CueS ° FesS; 


CuoS 


CuS 


Rapid change from grey to dense black, finely pitted surface 
at 265°-325° C. Transparent film of sulfur released from 
argentite and spreads rapidly over the surface outward 
from the heated area. Numerous spheres with a silvery to 
iridescent luster appear on the surface and are most numer- 
ous near fracture, or scratches. These spheres can be re- 
melted at 265°-325° C. They give an argentite x-ray pattern, 


Specimens originally orange turn reddish purple at 250°- 
305° C. With prolonged (2 minute) etching at this tempera- 
ture, the color becomes a deep reddish purple. On prolonged 
etching over 400° C. bornite turns blue. Bornite that is 
originally violet purple becomes a lighter pinkish-violet at 
140°-220° C. and then becomes progressively deeper purple 
on continued heating at this temperature. In presence of 
coarse chalcocite that has replaced bornite (Figure S5E-SF), 
the bornite dissolves chalcocite at 250°-305° C. Grains of 
bornite grow at expense of chalcocite. 


Chalcocite Replacing Covellite: No change could be produced 
in chalcocite replacing covellite even at highest coil settings. 
However, veinlets of later chalcocite cutting across the 
non-reactive variety became visible on etching at 110° 
125° C. This chalcocite develops an irregular etch pattern 
with very fine detail. 

Chalcocite Replacing Pyrite: Isolated blue patches of dige- 
nite (?) appear in the chalcocite at 110°-125° C. Fine- 
grained texture of chalcocite brought out at 115°-130° C. 
Parallel etch cleavage on fine scale appears at same tem- 
perature. No signs of reaction between chalcocite and py- 
rite after two minutes at 415° C.+. 

Chalcocite Replacing Bornite: Parallel etch cleavage (Figure 
5E-5F) begins to develop at 110°-125° C. and forms rap- 
idly at 135°-155° C. At 250°-305° C., chalcocite dissolves 
in bornite as contacts become diffused and migrate. 


Original material-laths and shreds of covellite surrounded 
and replaced by chalcocite. At 370° C.+, covellite reacts 
from borders inward. Contact with chalcocite remains sharp 
and stationary but covellite changes from blue to chalcocite 
grey losing vivid orange interference color. The grey altera- 
tion product is moderately anisotropic. Its surface appears 
rough in contrast to the adjacent chalcocite and unreplaced 
covellite. On prolonged heating at 370° C.+, the entire 
field is converted to a uniform grey color but original areas 
of covellite are still defined by relief at contacts and rough 
texture of material that has replaced the covellite. 
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TaBLeE 2 (Continued) 


Mineral 


Composition 


Observed Reactions 


Digenite 


Freieslebenite 


Goethite 


Hessite 


Petzite 


Proustite 


Realgar 


Tellurium 


Cue_x5 


AgsPbsSbsSi2 


FeO-OH 


Ag,AuTee 


3Ag25 0 AsoSz 


AsS 


Greyish-blue digenite turns grey at 150°-170° C. On pro- 


longed heating, the color becomes a violet-grey. After cool- | 


ing, areas originally hottest become blue again. 


Freieslebenite swells and cleavage fragments heave upward 


at 265°-335° C. Fluid emitted at this temperature spreads } 


across the surface imparting a permanent dull gun-metal 
grey color to the mineral. 


Decomposition of goethite, especially coarsely crystalline 


varieties, very sluggish in polished section. Some specimens 5 
showed no effects of heating even at maximum settings of | 


the coil. One specimen heaved and cracked at 370° C.+ 
but no pronounced color changes were observed. 


Original specimen grey. Anomalous yellow-brown to bluish 
grey interference colors. A permanent change of color te 
light brown takes place at 350° C.-+. No changes in aniso- 
tropism on cooling. 


At 370° C.++, petzite heaves and cracks as vermiform black 


markings appear on light grey mineral surface. In oblique } 
light, a delicate network of crystalline gold is seen to have } 


} 


replaced the original petzite grain. Adjacent tellurides, in 
this case altaite, are unaflected by heat. 


At 405° C.-++, surface of proustite suddenly melts. The 
liquid solidifies to a silvery metallic substance which can | 


be remelted at 405° C.+-. This material still gives an «-ray 
pattern for proustite. 


Color changes from grey to tannish-grey at 255°-320° C: 
At 308°-400° C., realgar melts and a bluish iridescent ring 
forms around the heated area. In oblique light, this ring is 
red to yellow. 


Metal begins to change at 305°-400° C. as a yellow coating 
of oxide collects on surface. Mineral melts at 415° C.+ 


was air in every case, but this control does not apply to polished sections. 

Of the results obtained and described in Table 2, it is most significant 
that the etch patterns of chalcocite described by Stephens (1935) can be 
produced with a device as simple as the coil. With the exception of some 
chalcocite replacing covellite, all specimens of this mineral formed a pro- 
nounced etch pattern on heating (Figs. 5C-5F). Additional specimens 
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and study would be required to determine whether patterns obtained 
with the heating coil differ in any way from those described by Stephens. 

Reactions noted in the heat-etching of argentite and proustite are also 
worthy of some comment. McKinstry (1927) observed the formation of 
blebs, presumably of native silver, on surfaces of argentite and pyrargy- 
rite etched with a carbon arc. When argentite was heated with the coil at 
265°-325° C. numerous globules of an iridescent to silvery luster ap- 
peared on the blackened surface. It was at first assumed that these were 
native silver, but these spheres could be re-melted at 265°-325° C., well 
below the melting point of silver. Similar effects were noted with prous- 
tite which melted quickly at 405° C.+ forming a liquid with a bright 
metallic luster. After cooling, this material could be re-melted again at 
405° C. Fragments of each of these minerals were extracted, transferred 
to glass slides, and there heated until they liquefied. On cooling, the 
samples were scraped from the slides, crushed, and «x-rayed. The result- 
ing powder patterns were those of the original minerals, not native silver. 
Flecks of what appeared to be silver were seen admixed with the crushed 
heated products of proustite but the metal comprised only a small pro- 
portion of the original liquid globule. 

Along with the minerals listed in Table 2, a number of others were 
tested that proved negative to the heat of the coil. These include bismu- 
‘hinite, chalcopyrite, cinnabar, copper, domeykite, dyscrasite, enargite, 
zalena, pyrite, silver, sphalerite, stannite, stibnite, sylvanite, teallite, 
etrahedrite, and violarite. 
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PHASE EQUILIBRIUM DATA FOR THE SYS. M 
MgO-MgF>-SiO» 
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ABSTRACT 


In completely anhydrous melts of the binary system MgO-MgF» a simple eutectic re-| 
action at 1214° C. was established. | 

The binary system Mg»SiOuMgF» is characterized by the formation of minerals of 
the humite-clinohumite group. All of them show incongruent high-temperature reactions, 
norbergite melting with a primary crystallization of chondrodite (stable) or forsterite 
(metastable) at 1345° C., chondrodite melting with primary crystallization of forsterite 
at 1450° C. On heating, clinohumite breaks down at 1380° C. to a mixture of forsterite and 
chondrodite. Humite is only sporadically observed in subsolidus reactions; the equilibrium 
temperature for the reaction clinohumite-+chondrodite—humite could not be determined. 
Metastable crystallization of forsterite (in the place of chondrodite) occurs mostly on heat- 
ing and fusion of norbergite. 

In the ternary system MgO-Mgl2-SiO2 some of the minerals of the humite-cline 
humite series (on the join MgSiOyMgl*2) could be outlined in their crystallization fields ; 
with boundary curves to the fields of primary periclase, sellaite, cristobalite and/or 
tridymite, forsterite, and clinoenstatite. No magnesium amphibole of the formula 
Mgz(SisO22) F2 was observed in the melt products. 


INTRODUCTION 


Phase equilibrium studies in ternary systems of the type oxide-fluoride- 
Si02 (oxide and fluoride with the same cation) have been investigated in 
only a few cases. In the main these investigations have been restricted to } 
the system CaO-CaF-SiO:. Special attention has been given to the influ- | 
ence of CaF, on the formation of tricalcium silicate, because of the special | 
importance this substance plays in the hardening process of cements 
(Eitel (1), Baak and Olander (2)). 


IMPORTANCE OF THE SyStEM MgO-MgF>-SiO; 


In the last two decades there have been many attempts to synthesize 
mica and amphibole asbestos. These took into account the necessity of 
substituting F for the OH-groups, if the process was to be undertaken 
from the melt at atmospheric pressure. While this method proved suc- 
cessful for mica synthesis, it is questionable whether the synthesis of 
asbestos is possible in the same manner. In any case, it seemed useful to 
go into more detail regarding the melting equilibria of this system. 


REVIEW OF LITERATURE 


The system MgO-SiO; was studied in 1914 by Bowen and Anderson (3) 
and supplemented by Greig (4) in 1927. According to these authors a 
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eutectic exists between periclase and forsterite at 1850° C. and a second 
oetween clinoenstatite and cristobalite at 1543° C. Forsterite melts con- 
sruently at 1890° C; clinoenstatite melts incongruently at 1557° C. with 
orsterite as solid phase. Melts rich in SiO. beyond the eutectic clinoen- 
statite-cristobalite unmix at 1695° C. and form two liquid phases. 

The system MgO-MgFk» was studied in 1953 by Eitel, Hatch and 
Denny (5), and x-ray investigation revealed no new compounds. The 
system MgF»-SiO2 could not be studied, because the samples partly 
showed strong hydrolysis and evaporation. For example, in a melt 
Mg Fy: SiO. = 2:1, norbergite Mg2SiO.- MgF and even forsterite MgsSiO, 
were found as reaction products. 

Various partly successful attempts have been made to synthesize the 
minerals of the humite group: norbergite, chondrodite (2Mg.SiO.- MgF»), 
aumite (3Mg.SiO,- MgF:) and clinohumite (4Mg.SiOy- MgF)).* 

In 1947 Rankama (6) succeeded in getting norbergite and chondrodite. 
On the other hand an attempt to synthesize clinohumite failed. (This 
daper includes a survey of literature since 1851). 

In 1954 Karyakin and Gul’ko (7) succeeded in obtaining norbergite, 
chondrodite and humite, when they melted calcium fluoride and quartz 
n magnesite crucibles. 

Finally, in 1955 van Valkenburg (8) succeeded in synthesizing all of the 
Aumite-minerals by using melting reactions or reactions in the solid state. 

The system MgO-MgF>-SiO2 was studied by Fujii and Eitel (9) in 
1957 by means of reactions in the solid state. A large number of mixtures 
was heated at 1200° C. and the reaction products were investigated for 
che most part by «x-ray diffraction. The approximate limits of the in- 
lividual compounds were represented in a triangular composition dia- 
sram. As such are mentioned: periclase, sellaite, norbergite, chondrodite, 
orsterite, clinoenstatite, and cristobalite. While humite and clinohumite 
sould not be established with certainty in the mixtures heated for three 
10urs, after 42 hours of heating at the same temperature they did appear. 
Clinohumite was more easily formed than humite. 


PREPARATION OF SAMPLES 


One of the main difficulties of these investigations was the extraordi- 
varily high sensitivity of magnesium fluoride to moisture. Magnesium 
luoride retains surface-adsorbed water up to high temperatures, and 
HF» is split off by hydrolysis. For this reason by “‘open” conditions it is 
mpossible to melt MgF once it has been exposed to the free air without 
he forming of MgO. The vapor pressure of MgFs, even at 1400 to 


* In the natural minerals F~ is substituted in part by OH. 
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1500° C., has very little disturbing effect (5). According to new investiga- | 


tions carried out by Giinther (10), the vapor pressure is 0.1068 Torr at a 


temperature of 1282°C. and certainly does not have to be taken into 
account (at least, when the duration of the experiment is short). 

The possibility of forming SiF; exists when the mixtures contain both 
MgF»y and SiO, as shown in various references in literature, and clearly 
confirmed by our own experiments. 


The escaping SiF, is hydrolysed instantaneously when moisture is pres- | 


ent, and clouds of smoke escape. Therefore it was necessary to control the 
loss in weight, or better to determine the change in composition by ana- 
lytical methods. 

The greater part of the mixtures were prepared with purest MgO from 
the Schering Works. For some attempts ‘‘magnesium carbonate, p.a. 
Merck, Darmstadt” was used. Both substances were heated for about 


half an hour at 1150° C., and as is the case with the other raw materials, | 


preserved above P:O; until their application. 

SiOz was obtained by hydrolysis of silicon tetrachloride (Institute of 
Silicon and Fluorcarbon Chemistry, Radebeul) in an ammoniac-water 
solution. The product was filtered off, slightly washed, dried, and heated 
at 1150° C. for one hour. 

For the first orienting experiments ‘‘magnesium fluoride, precipitated, 
pure” produced by Riedel de Haén, Seelze near Hannover, was used. It is 
a fluffy white powder. Before its application it was melted as quickly as 


possible, poured from the crucible, and crushed. During the melting and | 
pouring out, a distinct odor of hydrofluoric acid was noticeable (hydroly- | 
sis by adsorbed water and moisture of the air). A great number of ex- | 


periments were made with a shortly fused “‘magnesium fluoride, pure, for 
optical use”’ 
first and it seems likely that it was produced at a higher temperature. 

For the last experiments we had at our disposal a ‘magnesium fluoride, 
precipitated” (Werkstatten fiir Photochemie, Berlin-Charlottenburg). 
It had a slight resemblance to the first mentioned MgF9; it was likewise 
quickly fused. 

Concerning the degree of purity of the ingredients used, it should be 
said that MgO and SiO, were checked by spectral analysis. As contami- 
nations, MgO contained only about 0.1% CaO; SiO, contained about 
0.3% Al,O3 and below 0.05% of other oxides. MgF, was determined by 
chemical analysis. 

The compositions of the samples after one melting are shown in Table 
1. The three samples of Mg» contained only a small or very small quan- 
tity of MgO. The contaminations of the ‘“‘magnesium fluoride, for optical 
use”? may be far below the limit of analytical determination. 


of unknown origin. This substance was heavier than the | 
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TABLE 1. ComposITION or DirrERENT SAMPLES OF COMMERCIAL 
MAGNESIUM FLUORIDE 


A—from Riedel-de Haén; 


B—pure, for optical use; 
C—from Werkstatten far Photochemie 


Weight % A B G Weight % A B Cc 
MgO 63,790) 64,24 i 64,31 MgF.t | 96,97 | 99,20 | 97,02 
CaO 1,25 0, 12 0, 40 MgOt 1,05 0,06 1,54 
BaO 0,41 0* 0* SiO: 0,17 0, 10 0, 34 
Fe.0;) 0,15 0, 20 0, 26 CaO 1,25 0, 12 0, 40 
AL,Os/ BaO 0,41 = - 
SiO» O47 0, 10 0, 34 FesO;| 0, 15 0, 20 0, 26 
F; n.d. 60, 49 59, 16 Al:Os{ 

Sum = AS. 1S) 124, 47 Sum 100, 00 99, 68 99, 56 
O=F; 25,47 24, 91 
a 99,68 | 99,56 


} Indirectly calculated. 
* Not identified by spectral analysis. 


Normally, before adding the weighed quantity of MgF», the corre- 
sponding mixture of MgO and SiO, was pulverized and heated for some 


time at 1350° C.—1400° C. to make the mixtures less voluminous. Like- 


wise by sintering the MgO-SiO: mixtures the troublesome development 
of electrostatic charges in the MgO powder was avoided. 


EXPERIMENTAL PROCEDURE 


For most of the experiments a SiC resistor furnace with four vertically 
arranged heating elements was used. With this furnace, work was carried 
out at temperatures of up to 1450° C. For higher temperatures a molyb- 
denum furnace, which consisted of a molybdenum resistor in sintered 
AlO3, was at our disposal. The gas-tight construction of this furnace 
made it possible to work with unprotected platinum. 

For the measurement of the temperature a Pt-Pt, 10 Rh thermocouple 
was used, the hot junction of which was dipped directly into the melt. 
The cold junction was kept at 20° C. in a Dewar vessel. The thermocouple 
was compared with a calibrated standard element of the German “Amt 


fiir Maasse und Gewichte.”’ 
THERMOANALYSIS 


The first runs were carried out using the dynamic method. The mix- 
tures of 12 gm. were placed ina platinum crucible with a volume of 20 ml. 
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As soon as the sample was fused, the melt was stirred with a platinum | 


sheet. At temperatures above 1350° C., however, the stirring had to be 


abandoned, because the crucible was often welded with the platinum | 


stirrer. 

After fusing and stirring, the thermocouple was introduced into the 
melt, avoiding a contact of the thermocouple with the crucible. Then the 
power of the furnace was diminished and the cooling curve taken. 


This method was applied for the investigation of mixtures rich in | 


Mgf>, which are inclined to a disturbing undercooling in the field of the 
primary crystallization of MgF2; an undercooling effect of about 10° 
could be rather regularly observed. In order to grow single primary crys- 
tals, the dynamic method was partly modified. Shortly after the begin- 
ning of the primary crystallization the cooling curve was interrupted by 
removing the thermocouple with the adhering crystals. Relatively large, 
clear crystal needles of this rapid growth were very suitable for micro- 
scopic examination and for x-ray diffraction. 


QUENCHING METHOD 


In mixtures in the neighborhood of the binary system MgO-SiOs, 
equilibrium is mostly not arrived at with sufficient speed in spite of the 
presence of magnesium fluoride which is known to be a strong mineral- 
izer. Mixtures with as much as 15 mol% MgF. can be kept as clear 
glasses, if they are quenched with sufficient speed. 


It also seemed undesirable in many experiments to work in certain re- | 


gions of the system with open crucibles. Small tubes of platinum foil 
(of 0.06 mm. thickness) with a diameter of about 3 mm., and a length of 


10 to 15 mm., were welded together and filled with about 100 mg. of sub- | 


stance. The opening was folded together, the platinum tube connected 
with a ceramic tube by a platinum wire and the whole put into the fur- 
nace, which was already at the required temperature. 

Then the temperature of the furnace was slowly reduced to the equilib- 
rium temperature in question and held there for some time. After the 
heat treatment, the samples were removed from the furnace and air- 
quenched from the fusion temperature. 

This method allowed a clear differentiation between larger primary 
crystals and crystals formed by reaction in the solid state, or crystals 
simply formed by quenching. 

The furnace temperature was controlled by hand by means of a trans- 
former and kept constant to about +2 to 3° C, 


Microscopic INVESTIGATION 


To identify the different crystalline compounds, the petrographic thin 
section method has been of great service. Thus periclase (MgO) could be 
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Tic. 1. (left) Periclase grains in periclase-sellaite-eutectic-Analyser 60° (Composition 
10 mol. % MgO; 90% Mel). X85 
Fic. 2. (right) Sellaite skeletons, between them periclase-sellaite eutectic-Analyser 90°. 


x85 


clearly distinguished from the other minerals. It showed crystals with 
well-developed faces, mostly combinations of cubes and octahedra (Fig. 
1). Sellaite (MgF2) also often showed characteristic skeleton forms (Fig. 
2) and peculiar cracks, by which, with suitable light incidence, it could 
nearly always be distinguished from the other minerals. These cracks may 
be caused by the polymorphic change of MgF»2, observed by Counts, Roy 
and Osborn (11) by high-temperature «-ray investigation at about 
800° C. 

SiOz could be identified just as easily. It showed irregular grains 
marked by a very slight birefringence. (Regarding the differentiation be- 
tween cristobalite and tridymite, see later.) 

In some cases it was possible to determine the angle of the optical 
axes; for norbergite it is 2V=45° 15’. 


X-RAY INVESTIGATION AND CHEMICAL ANALYSIS 


X-ray patterns were taken from samples of the fused products as well 
as from single crystals, after having determined for clearly identified 
specimens which crystal interferences lie on the equatorial line. 

Sometimes only one needle or a few very small, thin needles which 
could not be investigated by the powder method were at our disposal. 
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Rotation patterns were made with a camera 57.3 mm. in diameter, the} 
powder patterns in a Debye-Scherrer camera, 114.6 mm. in diameter, and 
a Guinier camera, 57.3 mm. in diameter. Both Cu Ka, and Co Ka radia- 
tion were used. For comparison, the x-ray data of the humite-minerals,| 
as determined by Sahama (12) were used. 

The Shell and Craig methods (13) were used for bulk analysis, but} 
fluorine was precipitated as calcium fluoride. From a special sodium car-} 
bonate melt all the other ingredients were determined (cf. Thomas (14)).| 


DISCUSSION OF THE RESULTS 


The system MgO-M gh» 


The experiments of this binary system were carried out using the 
dynamic method. The system proves to be simply eutectic, as shown in| 
Pigede 


[Gy 
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Fic. 3. Phase equilibrium diagram of the binary system MgO-MgF». 


The fusion point of an especially pure substance ‘‘magnesium fluoride, 
for optical use” was found to be at 1238° C. In consequence of the slight 
contamination, by extrapolation a value of 1240° C. was obtained, in 
exact agreement with the value found by Venturello (15). In the litera- 
ture the values vary between 1221° and 1270° C. To identify the sub- 
stances, microscopic investigation was sufficient. 

Refractive indices and «-ray pattern showed no indication of solid 
solution. 

Under the microscope the eutectic showed sellaite crystals which were 
interspersed with straight parallel veins (Fig. 1). An addition of as little 
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as 10 mol% of MgO to MgF, brings about periclase as the primary crys- 
tallization. 


The system M gF.-SiOz 


The border system MgF»-SiQz is not binary under normal experimental 
conditions as Eitel, Hatch and Denny (5) had previously observed. Mix- 
tures of MgF» and SiO: showed, on heating, an intense smoke evolution; 
the solid reaction products belong to the ternary system MgO-MgFy- 
SiO2 (see below). 

The white smoke evolved from a mixture of the composition 
Mel»: Si0,= 2:1 on heating to 1300° C. in a platinum crucible was con- 
densed in a water-cooled tube of copper fixed above the crucible. A 
voluminous white mass was deposited. The result of the analysis was 
85.6% SiOz and 1.05% MgO. No determination was made for fluorine. 
The remainder may have consisted of adsorbed water. It is to be sup- 
posed that according to the equation 


2 MgF2 + SiO. > 2 MgO + Sil, 


Sif, forms first of all, which under the influence of air is hydrolysed to 
S102 and He Fo. 


The system M g.SiOQ-M gk» 

The join Mg.SiOu Mel» of the ternary system can be considered as a 
binary system, and minerals of the humite group appear as pseudo-binary 
sompounds. Of the humites, only norbergite and chondrodite could be 
found as primary crystallization products from melts which bears out the 
observations of previous authors (6, 9), while clinohumite and humite 
ire only obtained by reaction in the solid state. 

According to Fig. 4, there is an eutectic between norbergite and sel- 
aite. Norbergite melts incongruently at 1345° C. with primary crystal- 
ization of chondrodite. Forsterite, however, is often formed as a meta- 
stable primary crystallization of a melt of norbergite, so norbergite shows 
1 double incongruent melting type. The stable incongruent melting point 
of chondrodite may be about 1450° C. 

Clinohumite appears only below about 1380° C. as shown by «x-ray 
liffraction patterns; at higher temperatures forsterite and chondrodite 
ire formed. 

Starting materials with the composition of humite, after heating at 
[252° for 84 hours, showed forsterite, clinohumite and chondrodite. The 
oundaries of the crystallization range of humite could not be estab- 
ished. The thermoanalysis showed, beside the arrest point at Woe Cea 
econd one at about 1192° C. The cause of this may be seen from the 


ollowing: 
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According to chemical analysis all of the samples contain a little more | 
MgO than corresponds to the proportion 2 MgO:SiO: for forsterite. | 
Therefore the observed thermal data are not fully valid for the binary | 
system Mg,SiOu-MgF, but rather for points lying in the ternary system | 
on the MgO-side of the join Mg,SiOu-MgF». Thus it may be assumed that | 
the mentioned second thermal effect has to be coordinated to the arrest | 
point of the ternary eutectic periclase-norbergite-sellaite. | 


The system M gO-M gky-M goSi04 


Beside the eutectic periclase-norbergite-sellaite, E, two reaction points, | 
F and G, exist. The corresponding compositions and temperatures are | 
contained in Table 2. The position and temperature of the ternary eutec- | 
tic and the reaction point F for periclase, chondrodite, norbergite and | 
melt were relatively accurately determined, while the data for the reac- 
tion point G for periclase, chondrodite, forsterite, and melt are to be con- 
sidered as approximate (see Fig. 5). As is to be expected, the fusion tem- | 
peratures in the periclase field rise very sharply, so their determination 
was seldom possible. 
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Fic. 4. Phase equilibrium diagram of the binary system Mg,SiOyMgF». 
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TABLE 2. INVARIANT POINTS 
Points 6 x4 
in Thera: omposition 
Figs. Crystal Phases Equilibrium 6 ae 
3,4,5 MgO|MgF3) SiO» 
Binary Equilibria 
A | Periclase, Sellaite Eutectic 1214 9 | 91 — 
B | Norbergite, Sellaite Eutectic Pails) |} AO pete) 5 
C | Chondrodite, Norbergite Reaction Point | 1345 | 33 | 51 16 
D | Forsterite, Chondrodite Reaction Point | 1450 | 48 28 | 24 
Ternary Equilibria 
E | Periclase, Sellaite, Norbergite Eutectic 1192 | 14 | 82 4 
F Periclase, Chondrodite, Norbergite Reaction Point | 1330 | 34 | 53 13 
G | Periclase, Forsterite, Chondrodite Reaction Point | 1440 | 49 | 29 | 22 
H | Chondrodite, Norbergite, Tridymite | Reaction Point | 1250 | 37 | 28 | 35 
I Forsterite, Clinoenstatite, Chondrodite | Reaction Point | 1340 | 44 16 | 40 
K_ | Clinoenstatite, Chondrodite, Tridymite | Reaction Point | 1300 | 43 16 | 41 
L Clinoenstatite, Cristobalite, Tridymite | Inversion Point | 1470 | 46 5 | 49 


Note: The data of Bowen and Anderson (3) and Greig (4) are omitted. 
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Fic. 5. Phase equilibrium diagram of the ternary system MgO-MgI.-SiO». 
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The system M goSiOs-M gF-Si02 


On the side beyond the join Mg,SiOuMgF» (Fig. 5) the position of the 
ternary eutectic could not be determined. In this region such strong reac- 
tions take place, at the required temperatures, that methods applied 
here could not be used. A further difficulty must be noted here, obviously 
caused by the very great fluidity and low surface tension of the melts. 
Quite frequently, they crept over the margins of the platinum capsule, In 
the open atmosphere, the melt was hydrolysed, and MgO formed. This 
often happened also on nearly imperceptible pores and scratches formed 
in welding the platinum capsules. Nothing can be said on the entire ex- 
tension of the sellaite field, but some statements can be made for the 
fields of chondrodite and norbergite extending toward the MgF» apex. 
The boundary against the SiO: field (see Table 2) could be established 
only approximately. The fields of crystallization of chondrodite and 
clinoenstatite with their boundaries against forsterite and SiC2 could be 
established more precisely. 

The question of a clear differentiation between cristobalite and tridy- 
mite in the products was rather difficult, especially in milky glasses 


Fic. 6. (left) Cristobalite skeletons embedded in milky glass—Analyser 60° (Composi- 
tion 35 mol. % MgO; 25% MgFo; 40% SiOz). X85 
. Erie. 7. (right) Two large norbergite needles, between them quenched substance (sellaite 
in characteristic dendrites)—Analyser 60° (Composition 15 mol. % MgO; 75% Mel; 
10% SiOz). X85 
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Fic. 8. (left) The chondrodite crystal in the middle shows many little periclase grains. 
Analyser 70° (Composition 40 mol. % MgO; 45% Mgky; 15% SiOz). X85 

Fic. 9. (right) Chondrodite crystals surrounded by a fringe of quenched substance 
embedded in glass.—Analyser 60° (Composition 40 mol. % MgO; 25% Mg»; 35% SiOz). 
x85 


quenched from the melts. Usually the silica is observed in granular ag- 
gregates, but sometimes in dendrites (Fig. 6) or octahedral shapes. The 
x-ray patterns of these crystallizations show the lines of cristobalite, 
which was also identified by its refractive index. Because of the smallness 
of the cristobalite crystals in the milky glasses, the index of refraction 
could not be determined, and the x-ray photographs showed no lines; evi- 
dently too little crystalline material was present. In Fig. 5 and Table 2 
the inversion tridymite—cristobalite is considered to be 1470° C. 

Particularly well developed lath-shaped primary crystals of norbergite 
(together with characteristic sellaite dendrites in the matrix) are seen in 
Fig. 7. 

Chondrodite crystals with many inclusions of periclase grains are ob- 
served in Fig. 8, and euhedral chondrodites surrounded by a fringe of 
quenched material in a glass in Figure 9. 

A mixture of the composition of a hypothetical magnesium-amphibole 
(6MgO- MgFs-8SiO2) was heated to 1315° and 1614° C., but no new 
phases could be found. 

No compositions near, or in, the field of liquid immiscibility on the side 
MgO-SiO: was investigated. 
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SUMMARY 


In a part of the system MgO-MgF>-SiQ, the liquidus points were de- 
termined. For this purpose dynamic and static methods were applied. 
The identification of the crystalline phases was undertaken by the 
microscopic investigation of thin sections, by determination of the re- 
fractive indices, and by the «-ray diffraction method. 

The position and temperature of the eutectics, incongruent melting 
points and reaction points were as far as possible determined. 

The join Mg:SiOwMgF, proved to be a binary system, where the 
humite-minerals norbergite and chondrodite appear as incongruently 
melting compounds. Neither here nor in the three-component system 
could humite and clinohumite be obtained as products of crystallization. 
No further compounds could be found. 
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CRYSTAL SYNTHESIS BY REFRIGERATION 
C. W. Wotre, Boston University, Boston, Massachusetts. 


ABSTRACT 


Maser operation requires crystals containing paramagnetic ions such as chromium or 
nickel in minute percentages which substitute generally for cobalt, aluminum, or magnes- 
ium. Crystals of Ks (Coo.995Cro-005)(CN)s have been grown in freezer compartments at 
temperatures of 4° to 5° C. Seeds for crystals are inserted in solutions which are saturated 
at ~0° C. in the freezer. Controlled quantities of solutions which are saturated at room 
temperature are periodically introduced into the freezer solution. The desired effect is that 
the growing crystals will adsorb all precipitating ions above the saturation level to eliminate 
additional spontaneous seeding. Daily turning of the crystals is conducive to homogeneous 
growth. Growth rates have been measured. Small crystals have a faster growth rate per 
unit weight but a lesser mass accumulation per unit time than larger crystals. Space re- 
strictions are the only limitations on the maximum size that can be developed. Single crys- 
tals as large as: c=12 cm., b=4 cm., a=3 cm. have been prepared during a three month 

growing period. 


INTRODUCTION 


In the development of a device that would produce Microwave A mpli- 
fication by Stimulated Emission of Radiation, now known asa MASER, 
paramagnetic crystals of various types can be used. Dr. J. W. Meyer of 
the Lincoln Research Laboratories of the Massachusetts Institute of 
Technology made a thorough analysis of what atoms would be best 
suited in a MASER crystal, and chromium was indicated as being one of 
the most desirable. Upon searching through the literature for chromium 
bearing crystals he chanced on the isomorphous series of K3 (Co, Fe, Cr) 
(CN)s. These crystals had been grown from solution; their crystallogra- 
phy was known; and the amount of chromium that could be introduced 
could be rigorously controlled. Dr. Meyer asked Dr. Harry Gatos, also of 
Lincoln, to prepare crystals of the composition Kg (Coo.995 Cro.o05) (CN)e. 
Shortly thereafter the author was consulted concerning the preparation 
of such crystals, and three different methods were initiated, all of which 
were successful, but only one of which will be considered here, synthesis 
by refrigeration. 

A normal household upright refrigerator was used in the first synthesis 
in the Boston University Laboratories and at Lincoln. Several disad- 
vantages of the upright refrigerator became apparent; and when the au- 
thor was contacted by Dr. Harold I. Ewen and Mr. William From of the 
Ewen Knight Corporation of Needham to prepare comparable crystals 
with various chromium contents, a switch over to the horizontal freezer 
type of refrigerator was made. Miss Irita Vilks was engaged by Ewen 
Knight to do the actual synthesis under the direction of the author, and 
the results of this program follow. 
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Basic PHILOSOPHY OF THE REFRIGERATION TECHNIQUE 


Although crystals can readily be grown by evaporation of a saturated 
solution, two major problems often arise when such a technique is used. 
The first of these, the excessive precipitation in the meniscus region be- 
tween the solution and the beaker with subsequent capillary flow in the 
precipitate and further precipitation until, if permitted, the inside and 
outside walls of the container are covered with precipitate, can be con- 
trolled by lining the container with a non-wetting agent at the junction 
region between the surface of the solution and the container. This pro- 
cedure is often unsatisfactory, and the operator is compelled to change 
containers periodically. Other difficulties with the non-wetting agent are 
often encountered. Obviously, then, crystallization without evaporation 
is desirable. 

The second major difficulty with crystallization by evaporation is the 
customary over seeding, particularly in the surface tension film at the 
surface of the solution. Since this area, along with the meniscus region 
are the only places where supersaturation initially occurs, excessive seed- 
ing occurs. The density of the surface tension layer, for all practical pur- 
poses, is very high, witness the floating of a greased needle on water; and 
the newly formed seeds may grow to considerable size while floating at 
the surface, even though their density far exceeds that of the solution as 
a whole. Hopper shaped crystals comparable to those formed in saline 
water bodies gradually develop. Periodically these sink to the bottom in 
random orientation with the crystals already lying on the bottom, and 
the total result is a chaotic arrangement of many small crystals. This 
difhculty can also be controlled in part, but excessive seeding is one of the 
major problems of crystal synthesis by evaporation. 

Since single, homogeneous crystals approaching maximum sizes of 40— 
50 mm. were desired for the maser experimentation, the use of the evapo- 
ration technique seemed undesirable. It is, of course, well known that 
solubilities of most substances differ at different temperatures, and it was 
decided to use the temperature differential method of synthesis. Solu- 
tions were kept in a bath at 40° C. in the Lincoln Laboratory, and 
periodically some of this stock solution was added to the crystal growing 
bath at 30° C. The bath was covered with a perforated plate reducing, 
but not completely eliminating, evaporation. Seeds, mounted on pedes- 
tals, which will be described later, picked up the excess ions developing 
from the temperature differential. Both stationary and moving seeds 
were employed in this phase of the synthesis program. Although most of 
the disadvantages of the evaporation technique were eliminated by this 
approach, the problems involved in maintaining bath temperatures, in 


CRYSTAL SYNTHESIS BY REFRIGERATION 1213 


controlling weekend growth, and others made the use of this technique 
of crystallization somewhat unattractive. 

Simultaneously with the above approaches to synthesis the same basic 
approach of crystallization by thermal differentiation was begun under 
refrigeration conditions. A common upright type of household refrigera- 
tor was employed; in this refrigerator the beakers were placed which 
were to hold the host solution in which the crystals were to grow. Feed 
solutions at room temperature were kept available, and periodically 
small amounts of these solutions were added to the host solution. The 
general philosophy of approach suggested that the thermal differentia- 
tion would produce an excess of ions over saturation. If the feeding 
process were adequately controlled, all excess ions would precipitate on 
the seeds; no new nucleii would form; and the rate of growth would de- 
pend on the rate that ions could be added which could be concomitantly 
_absorbed. 


TECHNIQUE OF CRYSTALLIZATION BY REFRIGERATION EQUIPMENT 


The first refrigerator employed was the normal upright type; and al- 
though excellent crystals were grown in it, certain disadvantages such 
as wide temperature variations during open and shut phases of operation 
suggested that the horizontal freezer type of unit could be better em- 
ployed. The opening of such a chest at the top inhibited the flow of cold 
air from the chest, and manual operation of crystal turning in the chest 
and of crystal feeding could be done without a marked temperature 
variation. The temperature of operation of the chests was in the region 
—4° to +5° C. at the bottom of th chest. The temperatures in the higher 
part of the chest were as much as 10 degrees warmer than at the bottom. 

The stock solutions were composed of 150 grams of potassium cobalti- 
chromi cyanide in 450 grams of distilled water. This yielded a solution 
which was not saturated at room temperature but which was significantly 
supersaturated at refrigerator temperatures. The solubility curves will 
not be reproduced here. A magnetic stirrer was used to facilitate solution. 
The preparation of the host solution in which the crystals would grow 
involved two steps. Thirty cubic centimeters of stock solution were 
placed in a beaker and introduced into the refrigerator. Seeding very 
quickly took place. After the solution had stood an adequate time to per- 
mit complete equilibrium to be established, the solution remaining in the 
beaker was decanted into another previously cooled beaker and was set 
back into the refrigerator for observation to make sure seeding was com- 
pleted. If it were not, the process was continued until the host solution 
was free and remained free of all seeds. 
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The procurement of seeds to be placed in the stock solution was made in 
several ways. The crystalline mass that precipitated when the stock 
solution was placed in the refrigerator was inspected, and the better 
crystals were separated from the remainder of the mass. Care was re- 
quired that no foreignly oriented material was present on the selected 
seeds. Crystals of two or three habits could sometimes be found in the 
crystalline mass, but the general tendency was for all crystals to have 
essentially the same habit. Since it was discovered that the final habit of 
the crystals could be largely controlled by the habit of the seed crystal, 
considerable effort was employed to find seeds with the desired initial 
habit. Seeds were also produced by evaporation of the stock solutions 
under vacuum and in the open air. The best seeds were obtained early in 
the evaporation process before many nuclei had developed. Seeds less 
than 1 mm. in maximum dimension were often employed. One of the 
most successful seed production methods was that of crystallization from 
a residue film from an emptied beaker in which the solution had been 
standing. After pouring the solution from the beaker, the beaker was left 
to stand without washing, and a few isolated crystals formed on the 
beaker bottom or walls. These were usually of the habit desired in the 
final crystals. 

Once the seeds were selected they were handled with plastic forceps to 
eliminate fracturing because of differential thermal expansion when held 
in the hands. The fractures were never sufficiently large to cause a break- 


up of the crystals, but they did cause the development of cloudy zones in | 


the growing crystals. Whenever it was necessary to handle the crystals 
with the hands, rubber gloves cut down heat conductivity to the crystals. 
It was important that the crystals not undergo any strong temperature 
variation, and to this end the crystal seeds were inserted on filter paper 
into the chest and were cooled until they were the same temperature as 
the host solution. Cooling by this method was less shocking than by 
direct insertion from the outer warm air into the cold host solution. 

In order to eliminate the possibility of subsequent seeding on the seeds, 
the crystals were mounted on pedestals to keep them off the bottom; the 
sizes of the pedestals varied with the size of the growing crystals. The 
greatest difficulty in controlling seeding was always in the very early 
phases of growth. At this stage, although the individual seeds grew 
proportionately very fast, it was impossible to add such a small quantity 
of stock solution that the seeds in the host solution could adsorb all of the 
precipitating ions as they were available, and some random seeding was 
the common result. This could be eliminated in part by placing many 
seedlets in the same host solution and, aside from the mechanical prob- 
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lems of keeping the seedlets on the pedestals, this technique kept foreign 
seeding at a minimum. Once the crystals reached maximum dimensions 
of three or more millimeters, they were easily handled, and non-desirable 
seeding could be completely controlled. As the crystals grew to larger 
dimensions, they were placed on larger pedestals. When all danger of 
seeding was past, the crystals which were 1 cm. in at least one direction 
could be placed directly on the base of the container. The larger the 
crystals became, the fewer seed units were kept in any one container, for 
there could be a complete pick-up of all precipitating ions on the larger 
surfaces of the fewer crystals. 

The feeding of the crystals was practically as simple as the feeding of 
inimals. By simple experimentation it was possible to determine how 
much stock solution could be added daily and be utilized by the growing 
srystal. Since evaporation was practically negligible from the host solu- 
tion, the general practice was to remove practically as much solution 
laily before feeding as was to be added. This kept the degree of satura- 
‘ion upon the addition of stock solution practically constant. The quality 
of crystallization depended largely on the rate of feeding and on the 
oractices employed in handling the crystals. The general practice we 
udopted was to feed the crystals three times a day with particular care 
10t to overfeed before the long night period when no attention could be 
ziven the crystals. Pipettes and droppers were used for feeding upon 
»ecasion. Hollow glass tubes with the finger capping one end to keep the 
solution within until brought to the host solution were also used. Micro- 
yraduated flasks were used in special control cases where the rate of addi- 
jon and crystal growth were being carefully checked. 

At the peak of crystal synthesis by the above technique at the Ewen 
Knight facility as many as 400 crystals were being grown simultaneously 
n beakers and other containers in two freezer units. The beakers were 
veld in trays, with one tray superimposed over another to depths as great 
is four or five trays. The beakers were labeled as to the percentage of 
s+hromium which was present in the solution, and as the crystals reached 
izes adequate for maser experimentation, they were removed from the 
olutions and properly stored. 

Turning of the crystals at least once a day proved both desirable and 
lecessary when good quality crystals were desired. This was true both 
vhen the crystals were mounted on pedestals and when they were on the 
eaker bottoms. Crystals set on pedestals grew around the pedestals and 
nclosed them unless turned. If turning were not frequent enough, the 
mpression of the shape of the pedestal was left on the supporting crystal 
ace, and this impression was often difficult to eliminate. Crystals which 
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lay on the beaker floor developed a large, non-smooth concavity on the 
floor side unless turned periodically. Generally, a turning of once a day 
was adequate. 

One point of interest arose during checking of the effects of turning. 
It was stated earlier that the habit of the adult crystal was to a large 
degree determined by the habit of the embryo. Nevertheless, we dis- 
covered that habit could be controlled in part by the orientation of the 
crystal in the host bath. If a large a face were desired, that face was kept 
horizontal in the solution; and if a large } faced crystal were sought, that 
face or position was made horizontal. No attempt was made to develop a 
large c face, but it is doubtful that any degree of positional maneuvering 
would be adequate to induce the development of that face. 

The ultimate shape of crystalline unit desired was a cylinder for the 
early masers. Since the hardness of the crystals is about 3.5, they could 
easily be cut to the desired shape if the proper a or 6 face were adequately 
developed at the onset. The use of a simple power jigsaw or hand jigsaw 
proved adequate for cutting the crystals. As a matter of interest, how- 
ever, relative to the shape of the finished crystal, it was decided to grow 
the crystals to the size and shape desired directly. An a faced or 6 faced 
crystal of about 2 cm. maximum dimension was placed in a cylindrical 
form and into a host solution. The crystal grew until its maximum dimen- 
sions reached 3.5, the inner diameter of the hollow cylinder. The crystal 
could grow no further in that direction, and further ion accretion took 
place on the other surfaces until a cylinder 3.5 cm. in diameter and 1 cm. 
high of the crystalline substance was formed. Some stresses developed in 
the crystal during this procedure, and flaws appeared, but the crystals 
thus produced were of fairly good quality. 

Due to lack of proper control upon occasion, foreign seeds would grow 
in random orientation on the desired crystal. These were scraped off 
while holding the crystals in rubber gloved hands. If the embedding had 
gone quite far, scraping was difficult, stresses were induced in the crystal, 
and the quality of the subsequently growing crystal was diminished. 


RESULTS OF CRYSTAL GROWING BY REFRIGERATION 


Crystals as large as 3.1%4.3X12.5 centimeters were grown in the 
refrigerator bath. This size is certainly not a maximum; the cutoff at this 
size was purely a matter of convenience. From the data at hand it ap- 
pears that the only limitations to size imposed by the method are those 
mechanical controls such as size of container, size of freezer, and amount 
of ingredients available. The internal and external quality of the crystals 
was apparently independent of the size. This may be only apparent, for 
none of the large crystals was mounted under reflecting goniometric con- 
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ditions. The quality of the faces of the smaller crystals was not a function 
of size but, primarily, of the method used in removing the crystal from 
the bath. 

The rate of growth of the crystals was dependent upon three primary 
variables. Obviously, the rate of feeding is important. No attempt was 
made to attain maximum growth rate, since the quality of the crystals 
suffers with too rapid growth, and crystals of best quality were desired. 
The second factor affecting growth rate was the size of the crystal which 
was growing. All other factors being equal, the larger the crystal receiv- 
ing ions, the more ions it could pick up. In other words, the absolute 
growth rate was roughly proportional to size of the crystal. The ratio of 
growth increment to weight of the host crystal, the percentage growth 
rate, was inversely proportional to crystal weight. Small crystals grew 
much faster, percentage-wise than did the large ones. Miss Irita Vilks 
made a detailed analysis of growth rates relative to crystal size, and this 
study will appear later. The third factor affecting rate of growth was the 
habit of the growing crystal. There was a marked slowdown in growth 
rate for prismatic crystals and 6 faced crystals as compared with a faced 
crystals. No precision measurements were made on this factor, however. 


CRYSTAL HABIT 


The habit which developed was usually one of three simple types, with 
{100}, {010}, or {110} predominant, respectively. Figure 1 (left) shows 
two {100} crystals grown by the refrigeration methods. Figure 1 (right) 


Fic. 1. Crystals of Ks(Coo.995Cro. 005) (CN)s. 

Left: Elongated parallel to [001] and flattened on {100}. {110} and {111} are modifying 
forms. (About 8 cm. long.) 

Right: Crystal with {110} habit, sitting on pedestal. (About 4 cm. long.) 
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shows a {110} crystal grown in a 35° C. bath. Three factors were most 
important in controlling crystal habit. The first of these was the habit 
of the initial seed chosen as the nucleus for growth and the habit or habits 
of adjacent growing crystals. The second factor was the orientation of the 
seed in the bath. No absolute measurements have yet been made con- 
cerning the effectiveness of orientation on crystal habit, but qualitative 
results indicate a significant influence for this factor. The third factor 
which influenced crystal habit was the composition of the feeding solu- 
tion. Two variables in this composition occurred. The first was intentional 
and involved variation in the percentage of potassium chromi-cyanide 
introduced into the stock solution. Other factors being equal, a higher 
chrome content in the solutions was generally more favorable to either 
m faced or 6 faced crystals. By proper choice of the initial seed habit, this 
effect could be minimized. Another compositional variable was acciden- 
tally introduced. In the process of adding fresh stock solution to the host 
bath, some of the old simply saturated solution of the host bath was re- 
moved. This was allowed to stand in containers and to evaporate to 
saturation at room temperature. If this solution were then used as stock 
solution for later feeding, the growth habit usually became m faced. The 
explanation for this shift lies in the fact that the potassium chrom - 
cyanide is far less stable than the potassium cobalti-cyanide and hy- 
drolyzes with time. This was in part circumvented by the introduction of 
potassium cyanide into the solution, but hydrolysis did take place, and 
the chromium product deriving therefrom was not in an accruable form 
in the crystal growth. Another serious effect of this process was that the 
composition of the growing crystal was not the same as that of the origi- 
nal solution, and the saving of the extracted solution from the host con- 
tainers was discontinued. 


THe Unit Ceri 


The unit cell has been measured and reconciled with the morphology. 
Two polymorphic forms may exist, and the entire subject of unit cell and 
morphology will be treated in a later paper. It can be stated here, how- 
ever, that notable deviation from the pseudo-orthorhombic symmetry 


usually ascribed to the substance is characteristic of the low temperature 
form. 


QUALITY OF CRYSTALS 


The effect of rate of growth on the crystals has been mentioned above. 
The two other primary factors affecting the quality of the crystals were 
the degree of temperature variation and the amount of mechanical han- 
dling required when undesired seeding took place. The temperature vari- 
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able induced by lifting the trays of beakers from the chest occasionally to 
permit turning and examination of the crystals for non-oriented seeds 
was apparently of little influence on the crystal quality. If, however, the 
crystals were handled, particularly without gloves, differential thermal 
expansion did induce fractures and other imperfections. The use of 
gloves partially obviated this difficulty. The mechanical scraping of un- 
wanted seeds from the growing crystals also induced fractures and imper- 
fections, both as a result of the mechanical forces involved in the scraping 
and because of the temperature variable induced in the handling. The 
general quality, however, was a transparent slightly greenish yellow 
excellent crystal. The crystals which contained higher percentages of 
chromium were deeper yellow in color, less transparent, and generally of 
poorer quality than the lower percentage crystals. 


SUCCESSFUL USE IN A MASER 


Masers which used the above crystals as amplifying devices were 
successfully constructed at Lincoln and at Ewen Knight. A microwave 
signal was successfully beamed at Venus and reflected and picked up at 
Lincoln Laboratories, using one of the potassium cobalti-cyanide crystals 
with the slight doping percentage of the chromi-bearing salt. It might be 
pointed out that early predictions by N. Bloembergen (1956) that such a 
device would operate with a very low noise factor were completely born 
out by this experiment. 


LIMITATIONS OF THE TECHNIQUE OF CRYSTAL GROWTH 
BY REFRIGERATION 


One of the outstanding limitations of the technique lies in the diffi- 
culty of automatic feeding or automation in general. Any feed line from 
outside the refrigerator to the container carrying the growing crystal 
automatically must pass through a cooling zone in which precipitation 
takes place in the feed tube, finally clogging it and bringing the automatic 
feeding to a standstill. The fact that the crystals should be periodically 
turned to make them as perfect as possible also is a limitation to automa- 
tion. The occasional cleaning of crystals where unwanted seeds have 
lodged upon them requires a periodic examination. When hundreds of 
crystals are being grown simultaneously, as in the Ewen Knight Facility, 
the full-time attention of an operator is required to produce satisfactory 
results. 

The method is, of course, not universal in its application. There must 
be a significant but not too great a solubility variation with temperature. 
It is, therefore, necessary to have a fairly rigorous picture of the solu- 
bility curve for the substance being grown in order to get the proper 
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differential between the number of ions in solution outside the refrigerator 
as compared with the saturation conditions in the refrigerator. 

The attainment of this goal is particularly difficult if the solubility 
curve is very steep. Substances with particularly high solubilities do not 
respond very readily to crystallization by refrigeration. Crystals in which 
the unit cell has one notably shorter direction, that is, crystals which 
normally develop an extremely elongated habit, cannot be grown very 


satisfactorily by the method, although continued study is being made of | 


this variable. 
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VEATCHITE AND #-VEATCHITE* 


Joan R. CLarK AnD Mary E. Mrosz, U. S. Geological Survey, 
Washington 25, D.C. 


ABSTRACT 


Comprehensive single-crystal «-ray precession studies on type material of two strontium 
borate hydrates, veatchite (Switzer, 1938; Switzer and Brannock, 1950; Clark ef al., 1959) 
and p-veatchite (Braitsch, 1959), show that despite striking similarities the two minerals 
can be distinguished by single-crystal -ray diffraction patterns. Both minerals are mono- 
clinic: veatchite A2/a (or Aa), a= 20.81, b=11.74, c=6.62, A (all = 013.9%), B=92°077 £05’ 
perfect cleavage parallel to dominant plate form {100}, optical orientation Z=b, X=c, 
YAa=2°; p-veatchite P2:/m (or P21), a=6.729, b=20.70, c=6.58, A (all +0.3%), 
B=119°40’ +05’, perfect cleavage parallel to dominant plate form {010}, optical orientation 
Y=), X=c, Z/)\a= 29°40’. Indexed «-ray powder data, presented for both minerals, are 
inadequate for positive identification. Assumption of the chemical formula, SrO-3B.0; 
-2H20, for each mineral yields the following comparison of calculated and observed densi- 
ties (g. cm.~): veatchite 2.857 calc. (8 formula units per cell), 2.78 +0.03 obs. (Clark e¢ al., 
1959); p-veatchite 2.90; calc. (4 formula units per cell), 2.60-2.65 obs. (Braitsch, 1959). 
Dimorphism is possible but not established by present evidence. 


A new mineral p-veatchite, (Sr, Ca)O-3B203:2H:20, has been described 
by Braitsch (1959) from an occurrence in Reyershausen, near Gottingen, 
Germany. Noted by Braitsch were numerous striking similarities of p- 
veatchite to veatchite, SrO-3B,03-2H2,O (Switzer, 1938; Switzer and 
Brannock, 1950; Clark et al., 1958, 1959). Chemical, spectrographic, and 
x-ray fluorescence analyses, as well as indices of refraction, measured 
density values, crystal habit and crystal class, and «-ray powder patterns, 
all are the same within limits of observational errors for the two minerals. 
The only distinction between them was found in the single-crystal x-ray 
study, which revealed a change in direction of the unique monoclinic 
symmetry axis in p-veatchite compared with veatchite, together with 
variations outside the limits of error for values of the observed cell con- 
stants. Such a close relationship between two different substances is 
sufficiently unusual to raise doubts concerning the validity of the de- 
scriptions. However, the relationship has been fully confirmed by the 
present authors, who give briefly here the results of concurrent single- 
crystal and powder x-ray examinations. 

Crystals from the following localities were studied: veatchite from 
drill core no. 5, Four Corners area, Kramer district, San Bernardino 
County, California, supplied by R. C. Erd, U.S. Geological Survey, and 
described previously by Clark ef al. (1958, 1959); veatchite taken from 
the type specimen, USNM 105097, Lang, Los Angeles County, California 


* Publication authorized by the Director, U. S. Geological Survey. 
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(Switzer, 1938; Switzer and Brannock, 1950); p-veatchite from type 


material, USNM 113264, Reyershausen, Germany (Braitsch, 1959). The | 


latter two specimens were made available to us through the courtesy of 


Dr. George Switzer, U. S. National Museum. Because the p-veatchite — 


specimen consists of only two large crystals, preparation of a powder 
spindle was not feasible; however, Dr. Otto Braitsch, Mineralogical 
Institute, University of Gottingen, Germany, kindly permitted our use 


of the p-veatchite powder spindle prepared at the University of Got-_ 


tingen from Reyershausen material. We are most grateful to each of 


these individuals, as well as to several colleagues at the U. S. Geological | 


Survey: D. E. Appleman who suggested that the type veatchite be re- 


| 


| 


| 


examined and carried out calculations for d-spacings of p-veatchite on a | 
digital computer, E. C. T. Chao who gave valuable suggestions on pres- | 


entation of the optical data, and C. L. Christ who provided critical 


guidance and helpful discussion during the course of the study. We are | 


also indebted to Dr. C. A. Beevers, University of Edinburgh, Scotland, 
for permission to present his unpublished data on Eskdale material, 
originally described by Stewart, Chalmers, and Phillips (1954). 
Single-crystal x-ray studies were carried out on quartz-calibrated 
precession cameras using Zr-filtered Mo radiation (\=0.7107 A) and 
Ni-filtered Cu radiation (\=1.5418 A). Film measurements were cor- 
rected for both horizontal and vertical film shrinkage. The crystallo- 
graphic data found during the present study for veatchite and p- 


veatchite are given in Table 1. Several crystals were examined from the | 
specimen of type veatchite from Lang, and all give single-crystal «-ray | 


data identical within limits of observational errors with the data found | 


for the Four Corners veatchite by Clark ef al. (1959). No®p-veatchite 
crystals were discovered on the Lang specimen, although the possibility 


of their presence in association with veatchite cannot be definitely ruled | 


out. Comparison of available data for p-veatchite is made in Table 2. 
The findings of Braitsch (1959) are confirmed not only by the present 
study but also by Beevers (written communication, October 14, 1959) 
for Eskdale material, which his study identifies as p-veatchite. 

The unit cell of p-veatchite can be chosen so as to be analogous in 
dimensions to the cell taken for veatchite (Clark ef al., 1959), and com- 
parison of these two similar cells is made in Table 1 and throughout the 
following discussion. Both minerals have a dominant plate form, to 
which the perfect cleavage is parallel and to which the short reciprocal 
axis (associated with the ~21 A direct axis) is normal. In p-veatchite 
this axis is the monoclinic symmetry axis, its character being demon- 
strated by the intensity relationships among appropriate /&l reflections 
and the exactly 90° angles the axis makes with a* and c*, respectively. 
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TABLE 1. CRYSTALLOGRAPHIC DATA FOR VEATCHITE AND p-VEATCHITE* 


Veatchite p-Veatchite* 
Four Corners? Lang? Reyershausen 
(1)4 (2) 
a 20.81A 20.81A 11.69A 6.72 
b 11.74 11.74 20.70 20.70 
@ 6.637 6.626 6.58) 6.58) 
B 92°02’ 92°07’ 90°24’ 119°40’ 
(All cell lengths +0.3%; angles +05’) 
a:bic W AASEMEO SSS VN HASAN Se! | ORES ASO SUES || sso i1 (0), chil 
Space Group A2/a (or Aa) A2/a (or Aa) —e P2i/m (or P2;) 
‘Volume 1620 As 1618 As 1592 As 796 As 
Number of 
/[SrO-3B,0;-2H.0] 8 8 8 4 
per unit cell 
Density, calc. 2.857 g.cm.-3 2.86, g.cm.3 2.907 g.cm.3 
obs. 2.78 +0.03 2.69! 2.60-2.65 


* Data of present study unless otherwise noted. 

* Values for p-veatchite crystals from type material (USNM 113264). 
b Values taken from Clark e¢ al. (1959). 

¢ Values for veatchite crystals from type specimen (USNM 105697). 
4 Values obtained from (2) using transformation matrix 201/010/001. 
© B2,/m, not a standard setting of Int. Tables (1952). 

Switzer (1938). 

® Braitsch (1959). 


| 
’ 
. 
’ 


‘In veatchite the short reciprocal axis is at a distinct 88° angle to c* and 
the intensity relationships among /&l reflections are not compatible with 
assignment of twofold symmetry to the short reciprocal axis. Accord- 
ingly, the axis normal to the plate must be 6* in p-veatchite, and, follow- 
ing the convention c<a, it becomes a* in veatchite. Direct comparison of 
precession photographs of the similar reciprocal nets, veatchite hO/ with 
p-veatchite Ok, and veatchite O&/ with p-veatchite OJ, immediately 
reveals these distinctive differences. The p-veatchite «-ray cell chosen by 
Braitsch (1959) can be transformed to the cell that is analogous to veat- 
chite with the matrix 201/010/001 (as noted by Braitsch). 

The optic plane in each mineral is parallel to the plate form, and corre- 
lation of the optical directions and the x-ray crystallography is shown in 
Fig. 1a for veatchite and in Fig. 10 for p-veatchite. It is not clear whether 
the optical orientation given for p-veatchite by Braitsch (1959) is for the 
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TABLE 2. COMPARISON OF CRYSTALLOGRAPHIC DATA FOR p-VEATCHITE 
Present Study® Braitsch (1959) Beevers® 
a 6.729+0.02 A 6.72:+0.02 A 6.74 A 
b 20.70 +0.04 20.81 +0.02 20.62 
¢ 6.58: +0.02 6.647+0.02 6.60 
g 119°40’ +05’ 119°04/ + 10’ 119°38’ 
a:bic¢ 0.325:1:0.318 Oxs23s0R3198 OFS2 721 0ns208 
Space Group P2,/m (or P21) P2,/m or P2, P2;/m (or P21) 
Volume 796 As 813+5 A3 797 Asa 
Cell Contents 4[SrO-3B:0;-2H20]? | 4[(Sr, Ca)O-3B:0s- — 
2H30 |? 
Density (calc.) 2.907 g.cm.? — a 
(obs.) oa 2.60-2.65 = 


4 Cell constants from precession film measurements; Reyershausen p-veatchite 
(USNM 113264). 

b Cell constants from Weissenberg film measurements; Reyershausen p-veatchite. 

¢ Values found for crystals from Eskdale no. 2 borehole near Aislaby, north Yorkshire, 
England (Stewart, Chalmers and Phillips, 1954); written communication from Beevers, 
October 14, 1959. 

4 Values calculated by authors from data of original investigator. 


cell defined by his x-ray study. The observation Z/\c= —30° (Stewart, 


Chalmers, and Phillips, 1954) is evidently not correct for the present de- | 


scription of the cell (Table 2, Fig. 10). 
Lang veatchite was described by Switzer (1938) as occurring in vein 
fibres; an angle of —38° was observed between the Z optical direction 


and the fibre axis (taken as c), an observation confirmed by Murdoch | 


(1939). In the present study two crystals of fibrous habit from the 
original Lang specimen of veatchite were examined. On one crystal an 
angle of approximately 39° was observed between the elongation direc- 
tion and the Z optical direction. X-ray examination shows that in the 
present veatchite cell, the elongation direction of this crystal is [042]; 
the crystal is flattened on {100}. Rotation about [042] would produce a 
bewildering array of closely spaced reflections, undoubtedly explaining 
the two approximately 41 A cell lengths originally reported by Switzer 
(1938). The second crystal examined from the original specimen in the 
present study was observed to extinguish parallel and perpendicular to 
the fibre direction, and x-ray study of this crystal shows that in the 
present veatchite cell the elongation axis is [001], and the crystal is 
flattened on | 100}. 

Neither optical nor x-ray evidence for twinning was found during the 
present study for either mineral. Evidence for some stacking disorder in 
veatchite occurs in the streaking of reflections along the a* direction; 
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YUNGLS 2 
(100) Zab 
KEG 
Qa 
Z 
X=C 


Fic. 1a (above). Optic plane (100) of veatchite. Orientation referred to crystal cell with 
a= 20.81, b=11.74, c=6.637 A, B= 92°02’. 

6 (below). Optic plane (010) of p-veatchite. Orientation referred to crystal cell with 
a@=6.729, b= 20.70, c= 6.58 A, B= 119°40’. ZAa=29°40'. 


such streaking is not observed in any direction for the p-veatchite re- 
flections. 

X-ray powder patterns for both veatchite and p-veatchite were taken 
with a 114.59 mm. diameter powder camera using Ni-filtered Cu radia- 
tion (A=1.5418 A), and the measurements were corrected for film 
shrinkage. Single-crystal intensities for each /&/ reflection were estimated 
visually from precession films of varying exposure times. These intensi- 
ties, together with the observed and calculated dj; and the intensities of 
the observed powder lines, are listed in Table 3 for both minerals. As 
might be expected from the similarity of the minerals, their powder 
patterns are much alike. Specifically, the observed d-spacings for the 
first three lines in order of strongest intensities are the same for each. The 
remainder of the lines have d-spacings so nearly alike that unless powder 
patterns are prepared and measured with extreme care the minor differ- 


1226 J. R. CLARK AND M. E. MROSE 


TABLE 3. X-Ray PowpDER Data FOR VEATCHITE AND p-VEATCHITE, 


Veatchite p-Veatchite 
Calculated Measured Measured Calculated* 
coe Powder® Powder® as 
hkl = daz | tal> tal> | daz, — hkl 
I dirt I I Ann T 
200 10.40 vs (10.5) 40x 100 LOOM WO Rts ed VS ya LOSommnO20 
8.294 1 2 8.174 
020 5.870 | abs. abs. 5.847 100 
OM S75 w vine | on (OZ lOil 
ADSen On liom OOM 
120 5.649 s) 07045-20505 6 20 5.64 +0.05 8 | Seo Ane 
111 5.609 m ‘ 
litil Se Spal m wey || Sos ililil 
we lO. ol2e Onl 
400 5.199 m m 5.175 040 
Pill sii) ait! | Sh, 1D 320) 05 6 10 $110) sEO.0S Seon OO MmamIO0) 
DIR) Spl sf Ww SrO28e azul 
211 4.985 Ww vw 5.0055 .02i1 
lil AE SOs ian | Ziel SEOs} 2 
320 4.480 _ vw | 4.461 130 
5 4.43 +0.03 Walaa A Sealant 
monte OS eOst 
Sill Ab Sy? we | 4.87 ae@Os 2 
411 3.924 | SO 22008 4 
420 3.892 m .875 140 


LOM Se comes OR0S .847 141 


.837 O41 


——— 
n5sB 
Ww NWWW 


3.807 || Sesh ae0E08} 3 
+0.02 


3 
600 3.466 VS ona] 20 20 3.46 +0.02 VS .450 060 
511 3.425 ms 
520 3.394 w 
Ww .379 150 
OS Soo BH | Ses seOL0W 3 (IS) || SRS seOsOP VS .364 201 


.360 151 
poo) Opt 
.344 101 
$320) 214 
oO ilalil 
.290 102 


.336 | ms) vs 
328 ial || B50 se0-02 | 35 ms 


318 m{ C0) | Sigil a2) OY S 
.316 vs| vs 


3 
wn 
WWW WWW OD 


— 
WwW 
—_ 
WWWW 


* dix, calculated from the following data: veatchite a=20.81 +0.04, 6=11.74+0.03, 
c=6.03;+0.02 A, B=92°02'+05’, space group A2/a or Aa; p-veatchite a= 6.72, +0.02, 
b=20.70 £0.04, c= 6.58; +0.02 A, 8=119°40'+05’, space group P2,/m or P2;. All calcu- 
lated spacings listed for d>2.800 A. 

__» Single crystal intensities estimated visually from various precession films taken with 
different exposure times; vs= very strong, s=strong, ms=medium strong, m= medium, 
w=weak, vw=very weak, abs.=absent. 

© 114.59 mm. diameter camera, Ni-filtered Cu radiation (A=1.5418 A). l'ilm measure- 
ments corrected for shrinkage; b= broad. Lower limit of 20 measurable: approximately 7° 
(13 A). Veatchite from Four Corners area, Kramer district, San Bernardino County, 
California, film no, 13418, spindle no. 10104; type p-veatchite from Reyershausen, near 
Gottingen, Germany, film no. 14856 (spindle courtesy of Dr. O. Braitsch, University of 
Géttingen). 

1 Pe Ke radiation: (200) of veatchite, (020) of p-veatchite. 
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TABLE 3 (Continued) 


Veatchite p-Veatchite 
Caiculated* Measured Measured Calculated® 
wee Powder® Powder® hee 
hkl anki talb | tal> Anil hkl 
T dyer I I dir T 
WBN 3-223 S| S82 se. 3 ie | eA TY 
202 3.192 Ww 5 Se lO) se(0).0) fs | 3.199 221 
231 3.190 m Te | Sask iil 
202 3.128 | vw W Seis Ome, 
Bol 3.053 Ww 
611 3.013 ms Wao O24? sii 
631- 3.010 MO OM OOM=E O02 3b 5) 3.02 +0.02 Sy hk SeQOO alsin! 
620 2.985 ms 5 2.97, 0.01 nae |) AOL ~ ike) 
vw | 2.970 132 
ms | 2.959 161 
m 2.954 061 
040 2.935 s| | 2.93.+0.01 D 
Gt 2.933 m 
S|) BIOs 200) 
140 2.906 m 
022 2.887 | vw an || POS) PO 
Wy 2.8/2 gs | 2.865+0.01 9 w | 2.876 202 
431 2.851 Ww W 2.859 002 
122 2.848 s 15 2.854+0.01 SP) Qi 
402 2.841 | vw Voueenco2 O12 
240 2.825 s w | 2.820 241 
Sy Boss PAO) 
431 2.806 ee 2.798 +0.01 1 w | 2.809 141 
222 2.804 m 
2 2.782 
2.763 1 
2. 2.746 
2.704 1 2 2.696 
2.600 25 30 2.592 
2.564 1 
2.495 1 2 DeSts/ 
2.398 6 10 2.394 
2.245 2, 
2.204 3 10 2.200 
DNA 2) 5 2.161 
Dallas y, 2 2.140 
Psi) 2 
2.079 6 10 2.078 
2.045 4 
2.029 4 10 2.033 
plus many addition- S002 
al lines, all with 10b | 1.938 
<4 plus many addition- 
al lines, all with 
<5 
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ences in line positions will not be significant. There are variations in the | 
line intensities between the veatchite and p-veatchite patterns, but 
variations in line intensities among known veatchite patterns have been | 
observed and are attributed to preferred orientation, a hazard that is | 
common with these minerals because of their micaceous cleavage parallel 
to the common plate form. Therefore, line intensity variation is not con- 
sidered a reliable means of differentiation. 

The powder data for veatchite that are given in Table 3 are taken from 
Clark ef al. (1959) and are from measurements of a film made using a 
spindle of the Four Corners veatchite. Powder patterns of type veatchite 
from Lang were also prepared. All the lines found on the Four Corners 
veatchite patterns are present and identifiable on the Lang patterns, but 
an additional compound which has eluded all efforts at identification is | 
also present on the Lang patterns, giving rise to additional lines and 
possible superpositions. Therefore, an indexed pattern of type veatchite | 
has not been presented; the pattern of Four Corners veatchite (Table 3) 
is considered to represent the best available x-ray powder data for 
veatchite. 

Assignment of the chemical formula SrO-3B.03:2H2O to veatchite- 
was made by Clark ef al. (1959) on the basis of previously reported chemi- 
cal analyses (Switzer and Brannock, 1950; Stewart, Chalmers and 
Phillips, 1954), taken together with a confirming spectrographic analysis, — 
observed density determinations, and the x-ray crystallography. Braitsch | 
(1959) gives for p-veatchite the chemical formula (Sr, Ca)O-3B203-2H20. 
The calculated density based on 4[SrO-3B203-2H2O] per cell is not as 
close in value to the observed range of densities (Table 1) as might be 
expected, and a similar situation exists for veatchite (Clark ef al., 1959), | 
Substitution of Ca for Sr in amounts sufficient to lower the calculated | 
density to a value more in accord with the observed densities would re- 
quire the presence of a much higher percentage of Ca than the relatively 
small percentages reported to date from the chemical analyses of Switzer 
and Brannock (1950) and of Stewart, Chalmers and Phillips (1954). 

From consideration of the structural principles governing hydrated 
borate crystals (Christ, 1959, 1960) and the chemical composition 
of veatchite and p-veatchite, it is possible to make some prediction 
of the composition and structure of the boron-oxygen polyanions con- 
tained in these crystals. The polyanion will probably contain boron- 
oxygen tetrahedra and triangles, sharing corners, in the ratio 1:2. 
One such possible arrangement, corresponding to the proposed compo- 
sition SrO-3B203-2H:O, would consist of infinite chains of composition 
[BsOs(OH)a], *". Another possibility suggested by Christ (1960) is a 
linkage of the same boron-oxygen elements to form isolated dimers of 
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composition [BsO7(OH).]-*. The presence of such dimers in the crystal 
structure would require that the chemical formula of veatchite be 
SrO-3B2,03:3H20. 

Veatchite and p-veatchite might be polymorphs if the same anion 
element is present in each but arranged differently about the cation, or 
if the boron-oxygen triangles and. tetrahedra link together differently 
in each compound. However, the two minerals need not be polymorphs, 
for even if they contain identical anion elements, the one might have a 
different water content from the other. Another complication that might 
occur is the substitution of silicon for some of the tetrahedrally-coordi- 
nated boron in one or the other compound. Final determination of the 
chemical formula or formulas of the two minerals and elucidation of the 
interesting relationship between them probably will be revealed only 
after crystal structure analyses have been completed. 
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CLEAVAGE AND THE IDENTIFICATION OF MINERALS 


G. A. Worrr* AnD J. D. Broper,* U. S. Army Signal Research and 
Development Laboratory, Fort Monmouth, New Jersey. 


ABSTRACT 


“Mechanical etching” of substances gives a characteristic pattern that can serve as 4 
means of identifying unknown minerals and other crystalline materials. The surfaces of 
single crystals can be ground with coarse abrasives in several ways; the microcleavage pit 
obtained can then be investigated by the light figure method. Sharp and diffuse spots anc) 
zonal reflections make up the pattern observed. The spots correspond to plane cleavages 
(macrocleavage) and the zones correspond to cylindrically curved microcleavages. Ther 
is always a center of symmetry introduced into the pattern, because in cleavage and micro} 
cleavage, the two newly created surfaces match. | 

Minerals and synthesized materials of various kinds have been investigated, and thei 
patterns recorded. These patterns are arranged according to their structural relationship 
similar patterns have been found for members of identical structure groups. Charts of thes 
patterns, when arranged according to crystal systems and structures, will aid in the ident } 
fication of unknown crystalline materials. Among the groups investigated were pyrite 
marcasite, sphalerite, wurtzite, barite, halite, chrysolite and other structure groups. 


Cleavage has been used since the beginning of the study of mineralog» 
to characterize minerals. Many minerals have been identified by ther 
cleavage habit, i.e., “rhombohedral” for calcite; “cubic” for halite, an: 
so on. Yet, the majority of mineral specimens are identified mainly fron 
their natural habit, or from the results of chemical etching and/or fron} 
chemical and other analyses. In these cases, cleavage serves only as an 
auxiliary method of identification, or merely confirms the results. Thd 
reason for this is that reported cleavage data are often ambiguous. a | 
ences among cleavage data have been reported by several authors. Theré 
are instances where different cleavages are shown for the same maa teal 
obtained from different geographical locations. Dana (1) reports tha4 
stannite crystals from Cornwall show (110) and (001) cleavage, while 
stannite crystals from Bolivia show no cleavage. For this mineral, as fol 
others, it has been suspected that the ‘“‘cleavage”’ is caused by “parting” 
and finally there are instances where, under the heading “cleavage” onl 
fracture is reported and described in general terms as “conchoidal,’ 
“sub-conchoidal” or ‘“hackly.”’ This lack of reliability of the cleavag 
data has relegated it to a minor means of identifying minerals. An at! 
tempt has been made by Seaman (2) and Tertsch (3) to utilize cleavage as 
a means of classifying minerals. Though this work is an extensive collec 
tion of cleavage and habit data, there is little or sometimes no correlation 
apparent among the observed cleavages of one mineral and other min 
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erals structurally related to it. Initially there was rapid progress toward 
an understanding of the principles of cleavage but a comprehensive inter- 
pretation of the data is still lacking. 

Generally speaking, the study of habit and etch patterns is a successful 
method of identifying minerals because many planes are to be observed 
in growth and in etching. This method has a disadvantage, however, 
since each growth matrix and etch solution results in different growth or 
etch-pit habit. For successful identification, the different habit types and/ 
or growth and etch solutions must be known. It may be, therefore, that 
microcleavage will provide a rapid and efficient means of identification. 


“MICROCLEAVAGE” AND MINERAL IDENTIFICATION 


Whereas cleavage, or ‘‘macrocleavage” refers to a separation of a 
crystal parallel to a crystal plane, ‘“‘microcleavage”’ refers to the separa- 
- tion of a crystal parallel to crystallographic directions or zones which 
represent important atomic arrays (4) (PBC vector (5) Fig. 1). Where two 
or more microcleavage zones meet, macrocleavage occurs. A method uti- 
lizing both types of cleavage has the following advantages in identifying 
minerals: (1) Any particular material, of a specific structure, shows only 
one specific microcleavage pattern which, for all practical purposes, is 
independent of small amounts of impurities, temperature and cleaving 
technique; (2) In chemical etching, a suitable etchant must be found. 
This is a matter of trial and error in most instances. The natural habit 
may help to identify the substance, but for substances having many 
known habits it is a tedious process. Obviously, if the habit is not visible, 
the problem becomes a difficult one; (3) Within a group of similar struc- 
ture, the cleavage should be similar, with possible minor variations. It 
will be shown in the text, and in the tables that this holds true for micro- 
cleavage of substances with identical structure but dissimilar chemical 
properties, for example KMnQ, and BaSOu, and CaCO; and NaNOs; (4) 
- Since a center of symmetry is introduced in the patterns, the number of 
symmetry classes that can be identified is reduced to eleven. 

The statement given under (4) is the ideal case. Deviations from this 
rule are observed and an elaboration should be given. For a substance 
~ with a known crystal class, the corresponding class to be observed in 
- microcleavage is predetermined. Yet, there are cases to be expected where 
the observed symmetry is higher. Let us consider, for example, NaClO; 
(class 23), hauerite (MnS:), Pb(NOs3)2, Ba(NOs)2 (class 2//m3). The sup- 
posed cations and anionic groups are centered in positions which corre- 
spond to the Nat and Cl positions in NaCl. When the interionic distance 
is large as compared to the intraionic distance, then the interaction be- 
tween the cations and “‘anions”’ is such that no complexity is introduced 
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between them. The situation is then similar to that in NaCl. In other 
words, the interaction of the cation and anionic group is non-directional 
and non-specific; therefore, instead of the expected 2/m 3 symmetry, the 
4/m 3 symmetry of the NaCl structure is observed. Correspondingly, 
cubic symmetry may be observed rather than tetragonal symmetry (as in 
BaTiO;) etc. Multiple twinning may also lead to a higher order of sym- 
metry and thus deceive the observer. Arsenopyrite (FeAsS) for instance, 
which is actually monoclinic with 8=90°, shows orthorhombic sym- 
metry (6). In addition, there are cases, as in tellurium and cinnabar (32), 
where no decision can be made between the symmetry classes 3 2/m and 
6/m 2/m 2/m because the macrocleavage and microcleavage planes are in 
special positions (i.e. symmetry positions). 


Tue INTERPRETATION OF MICROCLEAVAGE; MICROCLEAVAGE 
AND PBC VEcTOoORS 


In the investigation of microcleavage, it is important to determine the 
crystallographic zones of microcleavage. These zones represent atomic or 
ionic arrays of strong bonding at the surface (‘PBC Vectors’). The inter- 
pretation of the results yields useful information of surface structure and 
bonding. Since it applies only indirectly in the identification of crystal- 
line materials by their microcleavage patterns, only a short discussion 
follows. Each plane of a crystal of any given structure has a specific value 
of surface free energy, H. The specific surface free energy plots of a 
crystal, in spherical coordinates, show maxima, cusp valleys, and cusps 
arranged according to the symmetry of the crystal structure. The cusp 
valleys and the cusps are of importance; the valleys correspond to bond 
arrays and the cusps correspond to the intersection of two or more such 
arrays. Ina Wulff’s Plot (7), they correspond to edges and planes, respec- 
tively. The total area, S, of any particular crystallographic plane of a 
crystal decreases rapidly with increasing surface free energy / for growth 
and etch habits; as a first approximation, S, for microcleavage is propor- 
tional to e~8” where B is a constant. Since for parallel light of uniform 
light flux, as is employed in the light figure method described below, the 
sum of the reflected light is proportional to S, the growth, etch and cleav- 
age habit can be determined. As a matter of fact, this is the only general 
method of determining the cleavage habit when more than one cleavage 
plane is observed. The following can occur: (1) when the vaileys are 
“complete,” that is, cover an angle of 360°, the atoms lie either in one 
straight line, as in the simple cubic structure, in [001] (Fig. 2a), or they 
are composed of zig-zag arrays of atoms which are at least triple ({0001] 
in wurtzite). (2) Any zig-zag array is composed of at least two vectors, 
and as such results in an “incomplete” valley, that is, a surface free 
energy minimum valley covering a fraction of 360° (Fig. 2b). (3) The 
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Fic. 1. Electron micrograph of the surface of a ‘(110) cleavage’ in diamond showing a 
system of troughs parallel to [110]. The cylindrically curved portions of the troughs repre- 
sent /hl planes with h>1; the lighter and darker portions correspond to (111) and (111) 
cleavage planes, respectively. 


same is sometimes true for PBC vectors composed of two different bond 
vectors (Vi, V2; e.g. Sb and Te). It is characteristic of this type that when 
the ratio of the two bond strengths exceeds a critical value, one of the 
valleys disappears, giving way to another. (4) The valley does not coin- 
cide with a zone parallel to a PBC vector derived from the crystalline 
structure. In this case, the PBC vectors are present only at the surface, 
where, during the separation of the two planes during the cleavage proc- 
ess, the atoms move into positions energetically superior to the positions 
of the ideal unchanged surface. Thus, a new PBC vector appears which is 
not present in the bulk structure and therefore, the surface energy is 
lowered. The vector is mostly of the zig-zag type. (5) New PBC vectors 
can also appear when adsorption takes place. They determine the growth, 
solution and equilibrium forms, but since adsorption takes place only 
after the cleavage planes have formed, for cleavage this effect can be 


disregarded. 
It can be shown that the microcleavage pattern is closely related to 
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the surface energy plot (Wulff’s Plot) and the PBC vector diagram of the 
corresponding structure. The following examples where this relationship 
was studied and found to hold are: diamond, arsenolite, senarmontite, 
cuprite, fluorite, magnesite and marcasite. The ideal pattern, as predicted 
on this basis, is also shown by GaSb and other materials of the B3 struc- 
ture type, with their ionic character reflected in the appearance of (011) 


a b 


Fic. 2a. Surface free energy plot of a crystal of simple cubic structure in spherical coor- 
dinates. Only nearest neighbor interaction is taken into account. Each cusp corresponds 
to an equilibrium plane (001); each valley connecting the cusps correspondingly represents 
an edge. This edge is [100] and is the common boundary to two adjacent (001) planes. The 
valleys are “complete,” i.e. they can be traced 360° from cusp to cusp around the plot 
along one zone. A complete valley corresponds to a straight array of atoms. The equilibrium 
form (001) is inscribed. 

Itc. 2b. Surface free energy plot for a crystal of diamond structure in spherical coor- 
dinates. Only nearest neighbor interaction is taken into account. The cusps correspond to 
(111) planes and the valleys connecting them correspond to [011] edges which are common 
to two neighboring (111) planes. The valleys are “‘incomplete”’ z.e., they cannot be traced 
360° around the plot. An incomplete valley corresponds to a zig-zag array. The equilibrium 
form (111) is inscribed. 


cleavage planes (4). The (011) cleavage of NaCl which appears in addi- 
tion to the expected pattern is apparently caused by the combined action 
of microcleavage in [010] and glide in [011]. 

Prismatic microcleavage patterns reveals the chain structure of both 
tellurium and the related compound cinnabar. 


MECHANICAL ETCHING AND EXPERIMENTAL DETERMINATION 
oF MICROCLEAVAGE 
Microcleavage may be observed when the crystals are ‘‘mechanically 
etched” (4). Mechanical etching can be described as follows: first, the 
material under investigation is cut roughly, or ground into spherical 
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Fic. 3. Photomicrograph of fractured silicon surface showing two sets of stress wave 
patterns. No structural features are revealed in the light figure investigation. 


shape. Next, it is subjected to a rough grinding process that can be car- 
ried out in any of the following ways: either the sphere is rolled under 
moderate pressure between two sheets of very coarse SiC paper, or it is 
rotated in a coarse SiC slurry, carried in a hollow pipe mounted on the 
shaft of a counter rotating motor, or it can be spun with SiC particles in a 
modified Bond Wheel (8). For materials which are as hard or harder than 
SiC, coarse diamond powder is used. For soft materials, or materials 
having predominantly metallic character, slipping is observed rather than 
cleavage. At low temperatures, metals or soft materials are more brittle 
and then are subject to the same laws of cleavage as brittle material 
at room temperature. When this type of etching is employed, a cleavage 
pattern is observed when the surface of the sphere is studied by the light 
figure method (9). The light figure apparatus consists of a point source of 
light, a collimating lens system mounted on an optical bench, and a modi- 
fied goniometer. A screen is mounted so that the light which comes 
through a hole in the center of the screen impinges on the crystal mounted 
on the goniometer. The crystal is spherical in shape, of about the same 
size as the hole and this permits observation of the major portion of the 
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surface at one time. The advantage of this method over conventional 
goniometry is that zones can be observed with greater ease, and the dif- 
ferences in intensities can be seen with greater accuracy. This apparatus 


also permits the observer to make a photographic record of the cleavage 
pattern. By reducing the size of the hole to small diameters, (~0.25 mm.), | 
the illuminated and reflecting area of the crystal can be reduced. Thus a_ 


polycrystalline sample can be scanned and evaluated, crystal for crystal, 


with respect to their orientation and to crystallographic differences for | 


different areas of each single crystal. Multiple reflections can be discerned 
and eliminated by the difference in their rate and direction of motion on 
the screen, when compared with the rate and direction of motion of the 
primary reflections. The angular motion of the latter is 2a when the 
crystal in the goniometer is rotated by an angle of a. 


Various substances, both minerals and laboratory synthesized mate- 


rials, have been investigated. Their patterns have been observed and 
recorded and arranged in charts according to structural relationships, so 
that they can serve as a method of identification. 


DISCUSSION OF THE PATTERNS 


Table 1 compares the cleavage data as reported in Dana (1) with 
the stereographic projections of the observed cleavages. The reported 
cleavage is tabulated above the stereogram. It should be understood that 
the stereograms represent an idealized picture and do not show all the 
nuances that are actually observed. The spots represent reflections from 
individual planes, and the zones (unbroken lines) represent reflections 
from a whole series of planes lying along a particular direction. An at- 
tempt has been made to indicate the relative intensities of the reflections 
by the heaviness of the spots or zones. The open circles represent broad, 
diffuse reflections. It should be noted that cleavage zones are not men- 
tioned directly in Dana. Their existence is recorded in the mention of the 
terms conchoidal, hackly, etc. In the majority of cases, there are indica- 
tions that conchoidal fractures represent microcleavages of a complex 
nature. They are a combination of a number of micro- or macrocleavages 
parallel to one, or more, directions (a unifold infinite number, parallel to 
each direction). Visually, this is noticeable only in rare cases. 

Generally, the more hackly the pattern, the more the fracture is deter- 
mined by the action of shock waves and stress propagation rather than 
by structural aspects. The microscopic inspection of hackly fracture pat- 
terns in silicon, for instance, strikingly reveals the stress wave pattern 
Bigs: 

The variation in appearance of the zones and the relative intensities of 
the reflections can also aid in the identification of crystalline materials. 


TABLE 1. THE MICROCLEAVAGE PATTERNS OF MINERALS AND ARTIFICIAL SINGLE 
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Cubic System 


In Dana, (111) macrocleavage is reported for diamond, arsenolite and 
senarmontite, but no mention is made of the zones as shown in the stereo- 
gram. Also, note that Si, Ge and a-Sn, which crystallize with the diamond 
structure have a zonal pattern different from that of diamond. This has 
been explained in previous papers by the authors and by others (4, 10) 
and is the result of surface deformation. 

Halite and periclase are both structurally and chemically similar and | 
both are strongly ionic crystals. The same cleavage would be expected to 
be observed for both, yet in Dana, NaCl is reported as having (001) 
macrocleavage and periclase (001), (111) and ‘‘(011) parting.” It is our 
belief that the cleavages of the two materials should be consistent and no 
(111) macrocleavage should be found because of the strongly ionic char- 
acter of the substances. The same reasoning would account for the fact 
that no (111) macrocleavage is to be observed in PbS. Furthermore, the 
reported (011) parting as sometimes occurring in periclase is also dubious 
since it is consistently revealed in our samples. It should also be noted 
that (011) appears in NaCl; though not reported in Dana, it has been 
reported by others (3). 

AuGa, and AuIng, having the same structure as CaF2, show additional — 
zonal structure. 

Artificial HgSe and HgTe have patterns consistent with their struc- 
tural group but differ from those of the III-V compounds (4). 

Hauerite, cobaltite, Pb(NOs;)e and Ba(NOs)2 show a higher order of | 
symmetry than pyrite, as explained in the text. Gersdorffite, which has | 
the same cleavage pattern as cobaltite, has not been included in the — 
charts. 


Tetragonal System 


Note the complex structure revealed by chalcopyrite in contrast to the 
reported (011) in Dana. Higher index planes were observed in ADP 
(NHiH2PO;) that could not be indexed; the ‘(112)” in rutile is an ap- 
proximation. 

Pyrolusite and stannite have been investigated, though not recorded 
on the chart; pyrolusite showing a continuous prismatic microcleavage 
reflection and stannite shows microcleavage between (001) and (012), 
between (012) and (112) and between (112) and (110). Distinct cleavage 
found for (012), (112) and (001) in order of increasing intensity. 


Orthorhombic System 


Barite and KMnO,, both chemically different, yet structurally related, 
give very similar patterns, Barite also has a microcleavage pattern that 
differs from the other sulfates studied. 
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Glaucodot and loellingite, not shown on the charts, reveal (010) and 
(101) cleavage and a strong zone between (101) and (101). In addition, 
glaucodot shows (100) cleavage and a weak microcleavage zone between 
(100) and (101), while loellingite shows weak cleavage in (011) and weak 
microcleavage between (011) and (001). Laboratory grown specimens of 
sulfur crystals show (111) cleavage. 


Hexagonal System 


ZnS, CdS and ZnO are structurally and chemically closely related, yet 
three different cleavages are reported in Dana. The stereograms reveal 
that all have basically the same cleavage. One group of CdS samples also 
consistently reveals a pyramidal macrocleavage which could not be ex- 
plained. 

Cinnabar has a cleavage pattern similar to that of Te except that the 
basal cleavage (0001) is not present. 

Parting is mentioned for ZnO, CaCOs;, Fe,O3; and Al,O;. This implies a 
random observation of the particular plane, yet the plane (or planes) 
consistently appear as many tiny cleavage pits over the different, but 
equivalent, directions affected and should be considered as true cleavage 
planes. 

Note the zones that appear in magnesite and siderite in addition to 
the planes, and the difference between these minerals and the other 
carbonates. 

The following minerals are not listed on the charts: ilmenite (FeTi0O3;) 
exhibits (1011) cleavage planes; millerite (NiS) shows a pattern very 
similar to that of calcite, however no zones run through the (1011) spot; 
NaNO; shows a pattern identical to that of calcite. 


Monoclinic System 


In addition to the reported cleavage planes for spodumene and wollas- 
tonite, other planes and zones have been found and are shown on the 
stereograms. 


CONCLUSION 


In conclusion, this method of producing and observing cleavage offers 
a new tool for the mineralogist, not only for the identification of unknown 
minerals by their cleavage habit, as first attempted by Seaman (2) and 
Tertsch (3) but also as a means of a systematic and scientific investiga- 
tion of the cleavage phenomena. An analysis of the cleavage patterns, 
together with a knowledge of the crystal structure can yield information 
concerning the type of bonding in the crystal. The ratio of ionic to 
covalent bonding in crystals with the sphalerite structure has been deter- 
mined this way. 
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SPECTROCHEMICAL DETERMINATION OF LEAD IN 
ZIRCON FOR LEAD-ALPHA AGE MEASUREMENTS* 


Harry Rose, Jr. AnD Tuomas STERN, U. S. Geological 
Survey, Washington 25, D.C. 


ABSTRACT 


A spectrochemical method is described for determining lead in zircon. A synthetic 
“zircon” standard is used to cover a range of concentration between 1 and 560 ppm. The 
method is designed for use in lead-alpha age measurements. Results of the analysis of 22 
zircons indicate an overall 5% average deviation from isotope dilution and chemical values. 
This method differs from a spectrochemical method described previously in the composi- 
tion of the standards and in the use of a full set of standards in preference to bracketing the 
samples. 


INTRODUCTION 


The lead-alpha method for the determination of the geologic age of 
igneous rocks was described by Larsen, Keevil, and Harrison (1952). The 
age calculation is based on the determination of the lead content and 
alpha activity of certain accessory minerals, particularly zircon, sepa- 
rated from the rocks. A spectrochemical method was described by War- 
ing and Worthing (1953) for determining lead in zircon and other min- 
erals. These authors have since 1953 used opal glass (National Bureau of 
Standards, standard sample 91) diluted in silica as a lead standard (Gott- 
fried, Jaffe, and Senftle, 1959). Until recently an evaluation of the accu- 
racy of the method could not be made owing to the few available com- 
parison analyses by independent techniques. Webber, Hurley, and Fair- 
bairn (1956) reported lead values higher than results determined by C. L. 
Waring on four samples of zircon, but discarded the higher lead values. 
Some serious discrepancies between the spectrochemical lead values and 
the lead values determined by isotope dilution were noted by Gottfried, 
Jaffe, and Senftle (1959). A comparison of the spectrochemical results by 
the method of Waring and Worthing with the lead values determined by 
isotope dilution is given in Table 1. The variation in values ranges be- 
tween 0.92 and 2.36 when expressed as the ratio of the isotope dilution 
values to the spectrochemical values. For reconnaissance age determina- 
tions, the agreement between five of the samples can be considered rea- 
sonably good, but the remaining samples indicate a bias greater than the 
precision of the spectrochemical method. 

The magnitude of the differences between the lead values obtained by 
the two techniques prompted an interlaboratory study to determine the 
nature of the variation. This study includes an investigation of the be- 
havior of zircon in the d-c arc, the preparation of a standard having arc- 


* Publication authorized by the Director, U. S. Geological Survey. 


1243 


1244 H. ROSE, JR. AND T. STERN 


ing properties similar to the natural mineral, and a comparison of the 
determination of lead in 20 zircon samples by the method of Waring and 
Worthing (1953) and by the method described in this report. 


SPECTROGRAPHIC EQUIPMENT 


A grating spectrograph with Wadsworth mounting is used with a | 


15,000 lines-per-inch grating having a dispersion of 5.0 A per mm. in the 
first order. A 250 volt direct current motor generator is used to provide a 


TABLE 1. COMPARISON OF SPECTROCHEMICAL VALUES (OPAL GLass 
STANDARD) witH IsoToPE DILUTION RESULTS 


; ante Isotope dilution: 
Spectrochemical* —_ Isotope dilution Mae 


Sample Spectrochemical 

lead (ppm.) lead (ppm.) ale 

N-7 Oslo 19 AlAs} 0.92 
S-2 Wemback 31 46> 1.48 
M-51 Cranberry gneiss 39 SORSE 1 Ss) 
S-10 Halbmeil 28 47» 1.68 
B-4 Baltimore gneiss 55) 104° ial 
6-37 Natural Bridge? 66.5 127¢ 1.91 
S-7 Martinskapelle 69 163» 2.36 
Storm King 346 337° 97 
Wichita Mountains 351 376° 1.07 
Z-22 Essonville? 433 461° 1.06 
1140 1760°¢ 1.54 


SQ-81 Mountain Pass° 


a Analyses by Helen Worthing using method of Waring and Worthing (1953). Na- 
tional Bureau of Standards, standard sample 91, opal glass, diluted in silica as standard. 
The values reported are averages of all determinations. 

» Tsotope dilution by Henry Faul, U. S. Geological Survey, Washington, D. C. 

© Isotope dilution by G. R. Tilton, Geophysical Laboratory of the Carnegie Institute of 
Washington. 

4 Gottfried, Jaffe, and Senftle (1959, p. 35). 

© Gottfried, Jaffe, and Senftle (1959, p. 25). 


current of 15 amperes during arcing of the sample. The current is con- 
trolled by a series resistance capable of providing current adjustments of 
0.5 ampere. The resistance circuit is wired through a shorting switch 
that changes the amount of resistance and instantaneously increases the 
current from 5 to 15 amperes. a 

A series of neutral filters is used in the optical path to control the 
amount of light entering the slit. Spectra are recorded on a 10-inch East- 
man type III-O plate (10-560 ppm. lead) or Eastman type I-O plate 
(1-40 ppm. lead). 

Open trays are used for developing and fixing solutions with continu- 


] 


{ 
| 
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ous agitation. The temperature is maintained at 20° C. The emulsion is 
washed in running water and dried by a stream of warm air. 

The transmittances of iron calibration lines and the lead line in stand- 
ards and samples are measured with a projection comparator-micro- 
photometer using a scanning slit at the plate. 


STANDARD SAMPLES 


A synthetic “zircon” was prepared by thoroughly grinding together a 
high-lead glass, zirconia, and silica glass in proportions that were equiv- 
alent to the composition of zircon containing 5% lead. The mixture was 
sealed in a platinum crucible that was welded shut and heated to a tem- 
perature of 1450° C. for 12 hours in a platinum-wound electric furnace. 
After the material was cooled and mixed thoroughly by grinding in a 
boron carbide mortar a portion was analyzed chemically; gravimetric and 
colorimetric analyses by Frank Cuttitta of the U. S. Geological Survey of 
the material used in this study was found to contain 4.60% lead. Min- 
eralogical and «-ray diffraction examination by D. B. Stewart and B. J. 
Skinner of the U. S. Geological Survey of a material prepared as de- 
scribed above revealed a mixture containing zircon, the high-temperature 
form of zirconia (baddeleyite), and a silicate glass. Although differential 
solution studies by Frank Cuttitta of the U. S. Geological Survey suggest 
that more than 90% of the lead was in the silicate glass, moving plate 
studies indicate that the volatilization pattern of lead from the synthetic 
“zircon”? mixture was identical with the pattern established for the 
natural mineral. 

A series of standards is prepared by diluting the synthetic ‘‘zircon”’ 
mixture with lead-free zircon base (68% zirconia and 32% silica) to cover 
a range of lead concentration from 1 to 560 ppm. A step-wise dilution of 
the lead by a factor of 0.562 is recommended to provide points sufficiently 
close to characterize the analytical curve. At each level the standard and 
zircon base are thoroughly mixed by hand grinding in a boron carbide 
mortar for half an hour. 

Most sources of zirconia contain a few parts per million lead which re- 
quires a correction in the assigned lead content of the standard. We were 
fortunate in obtaining zirconia from the U. S. Bureau of Mines that con- 
tained less than one part per million lead. The source of silica is a ground 
silica glass (Corning glass no. 7940 lump cullet) that has no detectable 


lead. 
PREPARATION OF SAMPLE 


The concentration of zircon from the rock prior to spectrochemical 
analysis is a specialized operation. The final yield of zircon is extremely 
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small when compared to the initial rock sample. The general procedure, | 


simply outlined, requires breaking up the rock in a jaw crusher and feed- | 
ing the resultant chips into a roller-type grinder and passing the ground 

material through a 50-mesh sieve. The sample that passes through the | 
sieve is concentrated over a Wilfley shaking table (Gottfried et al., 1959) | 
for bulk removal of light-weight minerals (principally quartz and the | 


feldspars). The heavy mineral fraction is passed through the Frantz iso- | 


dynamic magnetic separator to remove the ferromagnetic minerals. 

The sample is then further fractionated by treatment with bromoform 
and methylene iodide, and the heavier mineral fraction is passed through 
the magnetic separator repeatedly raising the current in small increments 
before each pass. The current at which the zircon will concentrate varies 
considerably for the metamict varieties. Fresh zircon concentrates as a. | 
nonmagnetic fraction. 

The zircon-rich fraction is normally leached with hot concentrated 
nitric acid for 20 minutes to remove pyrite and apatite which may have 


been concentrated with the zircon. 

The last and most important operation is a petrographic examination, 
accompanied by hand-picking to remove the last traces of impurities. 
The pure sample is ground in a boron carbide mortar to a very fine 
powder. 

Fifteen milligrams of the sample is then mixed with 35 mg. of sodium 
carbonate and transferred to the electrode in the same manner as are the 
standards. Occasionally a sample will be submitted that has a lead con- 
tent higher than the range of the standards. Such a sample is diluted with 
zircon base to bring it within the range. 


ELECTRODE SYSTEM 


The lower sample-carrying electrode (anode) is a ¢ inch diameter pure 
graphite rod 13 inches in length with a cup at one end. The crater has a 
(0.144 inch inner diameter and a 0.020 inch wall thickness and has a depth 
of 0.238 inches with a 60° truncated cone ending in a 0.031 inch diameter 
base. 

The upper electrode (cathode) is a pure ¢ inch graphite rod. 


EXCITATION 


The samples and standards are arced so that single exposures of each 
are recorded consecutively in the upper part of the plate. An iron calibra- 
tion spectrum is then recorded in the center of the plate. The same order 
of exposure of samples and standards initially recorded is repeated. 

The samples and standards are arced in the above exposure pattern at 
an initial current of 5 amperes for 10 seconds. The current is then in- 
stantaneously raised to 15 amperes by a shorting switch that changes the 
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amount of series resistance. The arc is continued for 80 seconds at 15 
amperes. During this time the lead evolves, and the relatively low tem- 
perature of the sodium vapor prevents the zirconia from entering the arc. 

An iron bead is arced at 5 amperes for 120 seconds through a 50 per 
cent two-step quartz filter at the slit. The resultant two-step spectra is 
used to calibrate the emulsion. To obtain more reproducible spectra from 
plate to plate, the iron bead should be subjected to a 2-minute preburn 
period. 


Exposure conditions 


The exposure conditions are given below: 


Spectral region, Angstroms 2230-3480 

Slit width, microns 25 

Slt height 2 mm. for samples and standards, 
4 mm. for iron bead exposures. 

Image Focus on grating 

Arc preburn None 

Arc exposure 10 seconds at 5 amp. 


80 seconds at 15 amp. 


The exposure is adjusted to maintain the transmittance of Pb 2833.07 
A at 30 ppm. at approximately 60 per cent. An Eastman type III-O plate 
is used to give an effective lead concentration range between 10 and 560 
ppm. The exposure may be adjusted by use of neutral filters in the 
optical path. 

For low concentrations of lead the exposure conditions are adjusted to 
maintain a transmittance of approximately 50 per cent for Pb 2833.07 A 
at a concentration of 5 ppm. lead. An Eastman type II-O plate is used for 
low concentration lead determinations between 1 and 40 ppm. lead. The 
exposure conditions for the two-step iron bead calibration are adjusted 
for each type plate to maintain a transmittance of approximately 20 per 
cent for Fe 3175.45 in the filtered step. 


EMULSION CALIBRATION 


Calibration is accomplished by the two-step method (Harvey, 1950). 
The method is a modification of the procedure proposed by Churchill 
(1944). The series of homologous iron lines selected for calibration 
(Hodge, 1951) given below are convenient for this purpose. 


Tron calibration lines, A 


Fe Fe 
3157.04 3205.40 
3157.88 3207.09 
3165.01 3215.94 
3165.86 3217.34 
3168.86 3230.97 


3175.45 3248 . 20 
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The preliminary curve is established by plotting on log-log paper the | 


per cent transmission of the lighter step of a given line as ordinate against 


the corresponding per cent transmission of the darker step as abscissa. | 


The two steps of each spectral line obtained from a two-step filter give a 


single point. In like manner, points are plotted for each of the iron lines 
listed above. 


The best curve is drawn through the points. The highest reliable point } 


of the ordinate is selected from the preliminary curve, its value and its 
corresponding abscissa value are recorded. Using the abscissa value as the 
ordinate, its corresponding abscissa value is recorded, thus working down 
the curve recording all values to the end of the preliminary curve. 

The emulsion calibration curve is established by plotting directly on 
log-log paper the above recorded values as ordinates against intensities 
as abscissa in intervals equal to the step ratio of the two-step filter. A two- 
step filter with a step ratio of approximately 1.50 is recommended; its 
exact ratio can be determined photometrically. For a 1.50 step ratio the 
interval points are 1.00, 1:50, (1:50)2, (1.50)*; (1.50)4 5 721550) Asis 
drawn through these points constitutes the calibration curve. 


PHOTOGRAPHIC PROCESSING 


The photographic processing procedure is altered slightly with a change 
in the emulsion. 


IASON onc obie oon owe Eastman Type III-O 
Eastman Type II-O 


Development............ Eastman D-19 with continuous agitation 
at 20° C. Type III-O for 5 minutes, 
Type II-O for 3 minutes 


HEX. Oh ee atone ee eee Eastman acid fixer, 6 minutes at 20° C. 
Washing................ Running water at 20° C. for 10 minutes 
Dev ING Acer ya eet ae Blower-heater 

PHOTOMETRY 


Transmittance measurements for the Pb 2833.07 A line and the iron 
lines for calibrating the emulsion are made on a projection comparator- 
microphotometer. No background correction is made for the high range 
emulsion (Type III-O). The low-range emulsion (Type II-O) requires a 
full background correction. The transmittances of the lead line are con- 
verted to relative intensities by means of the plate calibration curve. 
Where applicable, background transmittances are converted to relative 
intensities and subtracted from the line intensities. The standard samples 
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serve to establish an analytical curve relating log intensity to log concen- 
tration. The intensities of the analytical lines of the unknown samples 
are converted to concentrations by reference to the analytical curve. 


PRECISION 


The precision of this method is illustrated by the following data: 


Sample era sec onene 7; Coefficient of Number of de- 
variation terminations 

ZS-9 0.0306 4.9 10 

ZS-10 0.0048 3e5 8 

SR-1 0.00020 11.0 6 


The coefficient of variation is calculated by the following formula: 
_ 100 / zd? 
Aare n—1 


C=average concentration, in per cent 
d=<difference of the determination from the mean, and 
n=number of determinations. 


where 


ACCURACY 


A measure of the accuracy is obtained by comparing the spectro- 
chemical results with those obtained by other techniques, most commonly 
by isotope dilution. The spectrochemical values gave an overall average 
deviation of less than 5 per cent. Table 2 gives data on 22 samples which 
were submitted as unknowns. The data given in the table are shown 
graphically in Fig. 1 by relating the spectrochemical lead values with the 
lead values obtained by isotope dilution and chemical analysis. Also 
shown in Fig. 1 is a comparison between the spectrochemical lead values 
obtained by the method of Waring and Worthing (Tables 1 and 3) with 
the lead values obtained by independent techniques. 


DISCUSSION 


To determine the variation between the lead analyses by the method 
described here and the method of Waring and Worthing (1953), 20 zir- 
cons were analyzed by both methods. The results are given in Table 3. 
The 20 test samples were later revealed to be duplicate splits of each of 10 
zircons. Six of the 10 samples were composites of 2 zircons prepared in the 
proportions given in the table. In addition to an analysis value, each 
composite sample has a value calculated by totaling the lead contribu- 
tion of each component. 
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TABLE 2. COMPARISON OF SPECTROCHEMICAL (SYNTHETIC “ZIRCON” 
STANDARDS) LEAD ANALYSES WITH IsoTOPE DILUTION } 
AND CHEMICAL RESULTS | 


>tro- : 7 Tsot 
Spectro Tsotope Ghemicalou Chemical so oa 


chemical* dilution dilution | 

Sample No. Description 1 
Lead Lead Lead Spectro- Spectro- | 

ppm. ppm. ppm. chemical chemical | 

ZS-10 Zircon from syenite at Old Whitestone 48 47 98 
Farm, 1 mile east of Natural Bridge, 

N. Y. Collected by Arthur Montgomery. 

ZS-6 Zircon from a pegmatite, Pacoima Can- 33 35 1.06 
yon, San Gabriel Mts., Calif. Collected 
by G. J. Neuerburg. | 

ZS-9 Zircon from pegmatite, Quanah Mt., 303 313 275 Ot 1.03 
Okla. Collected by F. L. Hess and R. L. 

Dott. 

NBS-197 Zircon from beach sand, Jacksonville, 34 34 1.00 | 
Fla. National Bureau of Standards zir- | 
con ore sample. | 

ZS-4 Zircon. A mixture containing 68% ZS-6 38 38 1.00 
and 32% ZS-10. 

ZS-12 Zircon. A mixture containing 32% ZS-9 117 109 -93 
and 68% ZS-6. 

S-10 Zircon from granite, Halbmeil, Schwarz- 43 47 1.09 
wald. Collected by Henry Faul. 

N-7 Zircon from Oslo nordmarkite, Oslo re- 18 18 1.00 
gion, Norway. Collected by Henry Faul. 

S-7 Zircon from granite, Martinskapelle, 152 163 1.07 
Schwarzwald. Collected by Henry Faul. 

G-5 Zircon from Wilson Creek gneiss, Mor- 168 160 95 
timer, N. C. Collected by G. R. Tilton. 

SK Zircon from Storm King granite, Bear 335 337 1.01 
Mt., N. Y. Collected by G. R. Tilton. 

P-16 Zircon from Baltimore gneiss, Spring 187 168 90, 
Mill, Pa. Collected by G. R. Tilton. 

Hybla Zircon. Cyrtolite McDonald mine, Hy- 9704 1045 1.08 


bla, Ontario. Collected by G. R. Tilton. 


® Lead values represent an average of all determinations. 

» Tsotope dilution analyses as follows: ZS-6 and R-200 by L. T. Silver, Calif. Inst. of Tech.; ZS-9, L. F 
Stieff, U. S. Geological Survey; S-10, and S-7, by Henry Faul, U. S. Geological Survey. All other samples b 
G. R. Tilton of the Geophysical Laboratory, Carnegie Inst. of Wash., D. C, 

© Chemical analysis of samples SQ-81 and 52Mt8 by R. A. Powell, U. S. Geological Survey. Other chemicé 
analyses by Frank Cuttitta, U. S. Geological Survey. 

d Samples diluted with 8 parts zircon base (68% ZrOz and 32% SiO») 
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TABLE 2 (Continued) 


Spectro- Isotope pete ae A Tsotope 
chemical® dilution? ODOT SE OTNEN dilution 
Sample No. Description 
Lead Lead Lead Spectro- Spectro- 
ppm. ppm. ppm. chemical chemical 
52Mt8s Monazite from placer, Warren Creek, 10704 1080 1.01 
tributary of Salmon River near Warren, 
Idaho County, Idaho. Collected by J. B. 
Mertie, Jr. 
SQ-81 Monazite from rare earth carbonate 17604 1760 1770 1.01 1.00 
body, Mountain Pass. Calif. Collected 
by H. W. Jaffe. 
- M-51 Zircon from Cranberry gneiss, Deyton a7 59.5 1.04 
Bend, N. C. Collected by G. R. Tilton. 
G-70 Zircon from rare earth vein, Laurel Gap, 165 163 .99 
Tenn. Collected by G. R. Tilton 
G-15 Zircon from granite, Crossnore, N. C, 33 32 97 
Collected by G. R. Tilton. 
R-200 Zircon from pegmatite, Pacoima Can- 37 41.6 1.12 
yon, San Gabriel Mts., Calif. Collected 
by L. T. Silver. 
G-64 Zircon from Beech granite, West Roan 54 58 1.07 
Mts., Tenn. Collected by G. R. Tilton. 
6-37 Zircon from Scarn, Old Whitestone 110° 127 RS 
Farm, 1 mile east of Natural Bridge, 
N. Y. Collected by A. F. Buddington. 
B-15 Zircon from gneiss, Mary’s Rock Tun- 78 83 1.06 


nel, Shenandoah National Park, Va. 
Collected by G. R. Tilton. 


© Analysis obtained on 4 mg. sample (diluted in zircon base) and the value reported is from a single expo- 
sure. 


The precision of each method is indicated by comparing the lead anal- 
ysis value of duplicate samples, and by comparing the values of the com- 
posite samples with the calculated values. 

The variation in lead determinations between methods is reported in 
the table as a ratio of this method to the method of Waring and Worth- 
ing (1953). For the range of concentration of the analyses, the ratios 
range from 1.11 to 1.48, making an interpretation of the variation difficult 
and application of a single empirical correction factor impossible. 

To determine the factors causing the variations in the lead values re- 
ported by the two spectrochemical methods, a study was made to inves- 
tigate the chemical breakdown of natural zircon during its excitation in 
the d-c arc, and to compare the rate of volatilization of lead from the min- 
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Fic. 1. Comparison of spectrochemical with isotope dilution and chemical analyses. 


eral with the rate of volatilization of lead from the spectrochemical 
standards used by each method. 

X-ray and mineralogical examinations of the material remaining in the 
crater of the electrode after excitation periods of 10, 20, 40, and 60 sec- 
onds disclosed that the decomposition products of zircon are baddeleyite 
and tridymite, high temperature forms of zirconia and silica, respec- 
tively. These oxides appear as a thin layer at the surface of the crater 
after 10 seconds of excitation. As excitation continues, the decomposition 
layer extends deeper into the electrode and after 40 seconds zircon is no 
longer identified in the remaining material. Examination of the crater 
material after 60 seconds of excitation indicated that only baddeleyite 
remained, the silica having volatilized from the crater. The above studies 
also reveal that the lead is released into the arc column during the de- 
composition of zircon. Lead can no longer be detected after the mineral 
has completely decomposed in the crater. 

The rate at which lead volatilizes from the natural mineral, from syn- 
thetic “zircon,” and from opal glass was observed by moving plate stud- 
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ies. The results indicate that while the lead volatilizes from the synthetic 
‘“7ircon” in the same pattern rate as the natural mineral, opal glass re- 
leases lead into the arc column much more rapidly. 

A series of each of the standard materials was exposed on the same 
plate, the emulsion calibrated, and the analytical curves constructed as 
illustrated in Fig. 2. The synthetic “‘zircon”’ standards form a straight 
line working curve. The opal glass curve, although shifted in the direc- 
tion of lower lead analysis values, does not parallel the synthetic “‘zir- 
con” curve. No single correction factor can be applied to align the curves. 

It is apparent from the preceding studies that the most significant 
factor causing variations in the lead analyses is the difference in the 
chemical and physical properties of the spectrochemical standards. Be- 
cause the relative intensities of analytical lines are influenced markedly 
by the reactions occurring in the electrode crater and in the arc column, 
the composition of the standards should be as nearly identical to the sam- 
ple as possible. The tendency of the upper portion of the opal glass curve 
to flatten indicates that self-absorption is causing a decrease in the line 
intensities of the standards above 100 ppm. lead. The fact that the two 
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orking curves cross at approximately 350 ppm. explains the favorable 
omparison of lead values by the Waring and Worthing method (1953) 
ith the analyses of isotope dilution in this range of concentration, al- 
hough only a limited number of samples are involved (Table 1). 

The higher intensities displayed by the opal glass standards cause a 
hift in the analytical curve resulting in lower analytical values. Whether 
he increase in intensity is due to the more rapid rate of lead volatiliza- 
ion from opal glass affecting the vapor density of the arc gas at these 
oncentrations is not known. It can only be concluded that in this range 
f concentration low analytical values result when opal glass is used as a 
tandard. It should be mentioned that chemical analyses by several 
hemists and isotope dilution analyses by L. R. Stieff of the U. S. Geo- 
ogical Survey, indicate that the certificate value of 900 ppm. lead for opal 
lass (National Bureau of Standards, standard sample 91) is low. 

This method is applicable to the determination of lead in monazite. 
Monazite is more radioactive and contains higher lead concentrations 
han zircon. Dilution of the sample in zircon base (68% zirconia and 32% 
ilica) reduces the lead to a more suitable analytical range and at the 
ame time creates a matrix similar to the standards. When sufficient 
juantities of monazite and zircon are concentrated from the host rock, 
ead-alpha ages can be determined by analysis of each of these minerals. 
Phe results of the analysis of two monazites by isotope dilution and 
hemical techniques and by this method are given in Table 2. 

The spectrochemical method described for the determination of lead is 
contribution to the lead-alpha method which is valuable for obtaining 
econnaissance age estimates of zircon from igneous rocks. The present 
tudy emphasizes the importance of the composition of the standard and 
ecommends the use of a full set of standards in quantitative spectro- 
hemical analysis. 
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WHEWELLITE AND CELESTITE FROM A FAULT 
OPENING IN SAN JUAN COUNTY, UTAH* 


Av) GUDE. SRD., HJ- YOUNG, VC. KenNepy AND L..B: 
Ritey, U.S. Geological Survey, Denver, Colorado. 


ABSTRACT 


Whewellite (CaC,0;-H2O) in two large crystals, yellow celestite, and several other 
minerals were found in vuggy openings along a fault in the Radon mine near Moab, San 
Juan County, Utah. This is the second reported occurrence of whewellite from North 
America, the first being from limestone concretions in Montana. Paragenetically whewel- 
lite is later than the celestite and its origin is believed related to associated carbonac2ous 
material. 


INTRODUCTION 


In April 1958 one of the writers, Vance C. Kennedy, found two large 
crystals of whewellite in a uranium mine in eastern Utah. This is the sec- 
ond occurrence of whewellite reported from North America, the first 
having been described by Pecora and Kerr (1954) from a septarian lime- 
stone concretion in marine shale near Havre, Montana. The two crystals 
here described are much larger and are from a considerably different 
geological environment. They were collected from the Radon mine 
located on the southwest flank of the Lisbon Valley anticline, about 35 
miles southeast of Moab in sec. 28, T. 29S., R. 24 E., Salt Lake Meridian, 
San Juan County, Utah. The crystals were found in celestite-lined vuggy 
openings along the ‘“‘Radon” fault where it cuts high grade uranium ore 
on the 280 level. Near the sampling site the Radon fault is normal, 
strikes about N55 W, dips 67° SW, and has a vertical displacement of 
about 3.5 feet (C. L. Dodson and T. Botinelly, written communication). 
Wall rock of the vugs consisted of the lower few feet of the Triassic Chinle 
formation, just above its contact with the Permian Cutler formation. 
Here the Chinle is composed of interbedded lenses of medium-grained 
sandstone, fine-grained sandstone, mudstone, and claystone. 


DESCRIPTIVE MINERALOGY 


The larger of the two whewellite crystals weighs 8.6 gms. and measures 
roughly 23 by 2 by 13 cm. A small part of the crystal is intergrown with 
yellow celestite and very minor amounts of pyrite, marcasite, calcite, and 
black asphaltic material. When found, parts of the crystal were covered 
by very thin gray coatings of loosely-adhering micro-crystalline calcite, 
most of which were gradually rubbed off by handling. The crystal is 
milky white in color, but where broken on an edge, the interior appears 
blue-gray and more translucent. One good cleavage, parallel to the form 


* Publication authorized by the Director, U. S. Geological Survey. 
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(101), is evident. A stereographic photograph and the morphology of this 


crystal are shown in Fig. 1. Crystallographic data were obtained by A. J. | 
Gude, 3rd., and are described below, under Crystallography and «x-ray | 


data. 

The smaller of the two crystals of whewellite, 2 by 1 by 0.7 cm., is at- 
tached to the matrix of a large piece of buff-colored medium to coarse- 
grained sandstone which is coated with small crystals of celestite and cal- 
cite. A third, or satellitic, whewellite crystal 3 mm. in diameter and about 
5 mm. from the one in place was removed with an ultrasonic needle and 
all physical, spectrographic and «-ray work was performed on it. Table 1 
records the physical properties of whewellite from Utah and compares 
them with those of the whewellite specimen from Montana as given by 
Pecora and Kerr (1954). 


TABLE 1. PHysicAL PROPERTIES OF WPEWELLITE 


San Juan County, Utah Havre, Montana 

a 1.491 1.491 

B 1.5567 +0.002 TSO Diets OROO2 

y 1.650 1.654 

IAG) 84° + 2° 82° 

ae Ese 2.21+0.05 Berman balance 2.21+0.01 
Specific gravity ~ ie 
seas ete A 2.19+0.01 Suspension method 


Hardness ~2.5 3 


Measurement of the indices of refraction was greatly facilitated by the 
use of a rotating needle stage devised by Wilcox (1959). Measurement of 
the optic angle was made on a universal stage and represents the average 
of two readings taken from the acute bisectrix to an optic axis. The 
specific gravity as determined by a Berman balance represents an average 
of four determinations on two grains. The specific gravity was also deter- 
mined on two grains by the suspension method, but the lighter of the two 
grains was strongly suspected of having air voids due to skeletal struc- 
ture in the whewellite fragment. Hence the average value by this method, 
2.19, is probably low. 


SPECTROGRAPHIC DATA 
Semiquantitative spectrographic analyses (Table 2) were made on 
both the whewellite from Utah and from Montana. The latter sample 
was kindly furnished by W. T. Pecora. 
Although both samples are extremely pure calcium oxalate monohy- 
drates, it is noted that the whewellite from Utah, which is intimately 
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associated with celestite, contains considerably more strontium than the | 


whewellite from Montana. } 

} 

TABLE 2. SEMIQUANTITATIVE SPECTROGRAPHIC ANALYSES OF WHEWELLITE 
(J. C. Hamilton, Analyst) 


San Juan County, Utah Havre, Montana 
Si 0.015% 0.03% 
Al 0.0015 0.007 
He ~0.0008* ~0.0008* 
Mg <0.0005 <0.0005 
Ca M M 
Mn <0.0002* 0.0003 
Na 0.07 0.07 
Ba 0.0007 0.0003 
Sr 0.007 0.0007 
Cr 0.00015 0.00015 


Cu <0.0001* 0.0007 


Notes: Figures are reported to the nearest group in the series 7, 3, 1.5, 0.7, 0.3, 0.15, — 
etc., in per cent. The numbers represent midpoints of group data on a geometric scale. 
Comparisons of this type of semiquantitative results with data obtained by quantitative 
methods, either chemical or spectrographic, show that the assigned group includes the 
quantitative value about 60 per cent of the time. 

M=major constituent—greater than 10 per cent. 

* Limit of detection. 

The following elements were looked for and not found: K, Ti, P, Ag, As, Au, B, Be, 
Bi, Cd, Ce, Co, Dy, Er, Eu, Ga, Gd, Ge, Hf, Hg, Ho, In, Ir, La, Li, Lu, Mo, Nb, Nd} 
Ni, Os, Pb, Pd) Pr, Pt, Rb, Re, Rh, Ru, Sb, Sc) Sn, Sm, Da, Db, De, Dh, Dl) im, Us Viawe 
Y, Yb; Zn, Zr. 


CRYSTALLOGRAPHY AND X-Ray DATA 


The largest crystal of whewellite was used to determine its morphology 
(Fig. 1). X-ray data are shown and compared in Table 3 with similar 
data by Pecora and Kerr (1954). 

Both large crystals show the same morphology. Neither is twinned 
although casual preliminary inspection and comparison with the figures 
given by Palache, Berman and Frondel (1951) caused some delay in 
interpreting the goniometric data before the correct orientation shown in 
Fig. 1 was determined. The upper domatic faces and the two prisms are 
partially developed. None of the lower terminations are present. 

The crystal has poorly reflecting faces and is somewhat oversize for 
ordinary optical goniometry. Attached fragments of the matrix minerals, 
facial overgrowths that formed step-like apparent curvatures, shallow 
and flat obtuse angles, and combinations of these and similar imperfec- 


WHEWELLITE AND CELESTITE 1261 


tions, made contact goniometer measurements generally unreliable. Ac- 
cordingly, the crystallographic data were obtained by using a spectrom- 
eter adapted as a one-circle goniometer. Four sets of each of the inter- 
facial angle measurements were made from independent resettings of the 
crystal and goniometer. 

A well-developed prism zone was proved to be present. From the stereo- 
graphic plot of face poles e (101) was found to be the prominent face on 
the crystal. Careful examinations of the lower fractured areas then re- 
vealed a parallel cleavage surface which agrees well with the published 
descriptive data of Palache, Berman and Frondel (1951). A face pole for 
c (001) is shown in Fig. 1 for convenience of reference although no devel- 
opment of this face was found. The flat obtuse angle between 7(230) and 
u(120) can be seen on the crystal only in oblique illumination and then 
only with difficulty. However, these two faces were easily and distinctly 
resolved when measured on the goniometer. Face k(102) was found and 
verified by measurement after plotting a preliminary stereogram and re- 
examining the crystal. Axial angle 8 is not easily determined from the sets 
of faces found on this particular specimen. 


CELESTITE AND OTHER ASSOCIATED MINERALS 


The celestite that is intimately associated with the whewellite occurs 
in clear yellow blade-shaped crystals which attain several millimeters in 
length and several tenths of a millimeter in thickness. Practically all the 
celestite contains abundant inclusions of pyrite and marcasite which 
occur as cubes and bladed crystals up to about 0.3 mm. in size. The iron 
sulfide inclusions were segregated into cube-like and lath-like fractions 
and x-rayed separately. The cube-like fraction proved to be only pyrite; 
the lath-like forms consisted of both pyrite and marcasite, with pyrite 
predominant. The celestite has the following optical properties and 
specific gravity: 


a = 1.622 (by calculation) 

B = 1.624 + 0.002 

y = 1.632 + 0.002 

2V(+) = 55° + 2° 

Pleochroism a = y = almost colorless 
6 = pale yellow 

Absorption B > a = y 

Sp. gr. = 4.03 + 0.05 


A noteworthy feature of some of the celestite crystals is that the yellow 
coloration is not equal through all the parts of a single crystal when B is 
being viewed. Contact between the yellow tints is generally curved, but 
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TaBLe 3. X-Ray PowpDER DIFFRACTION DATA FOR WHEWELLITE 
FROM UTAH AND MONTANA 


Diffractometer! Film 
Utah Montana (Pecora and Kerr, 1954, p. 210) | 
d(A, meas.) il d(A, meas.) I | 
14.3 13 
10.0 5 
8.42 5 
5.95 75 5.95 100 
5.79 27 5.81 5 
4.52 8 4.53 5 
aN SK} 5 
ASS) 5 
4.09 8 
3.860 8 
3.770 11 SRS 5 
3.633 100 3.652 90 | 
3.480 
3.401 af 3.414 1 
SSP Al 1 
3.278 7 
BELO 14 3.105 5 
2.998 14 3.002 1 
2.969 100 DOT 50 
2.903 18 2.906 10 
2.840 14 2.842 10 
2.754 il 
2.706 6 
DOT 8 2.639 1 
2.607 7 
2.578 7 
2.529 8 
2.494 35 2.497 20 
2.448 9 2.455 1 
2.411 10 DRADD, 1 
2.380 9 2.388 1 
2.356 68 Devil 80 
2.293 it 
2.253 25 DIX 20 
DDD 10 DP DANS) 5 
DAY 8 235 1 
2108 6 
2.094 10 
2.070 21 2.076 10 
2.045 5 
1.977 20 1.978 5 
1.949 16 


= 
| © 
mn 
mn 
mn 


1 CuKe (Ni filter), \=1.5418 A. 
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TABLE 3 (Continued) 


Diffractometer! Film 
Utah Montana (Pecora and Kerr, 1954, p. 210) 
d(A, meas.) I d(A, meas.) I 
1.933 22 1.930 5 
1.892 16 1.891 5 
1.859 7 1.859 1 
1.848 1 
1.841 10 
1.826 1 
1.814 13 1.818 1 
1.791 15 1.794 1 
1.774 4 
1.759 5 
1.734 15 eS 1 
1.707 4 
1.689 6 1.693 1 
639 3 1.644 1 
. 583 8 1.588 1 
Le SOP 1 
1.547 10 
1520 8 1.528 1 
1.499 6 1.505 1 
1.484 9 1.480 1 
1.458 1 
1.406 6 
1.397 5 
1.379 6 
SiS 7 
il, Beil 10 
1.304 4 
1.282 5 
1.248 4 
1.214 4 
1.185 9 
ee l52 7 
1.130 4 
1.108 3 
1.097 6 


sharp. The optic angle was measured by using a universal stage and 
represents the average of four direct measurements. Specific gravity was 
measured on a Berman balance and represents an average on nine deter- 
- minations on several grains. Extreme measurements were 3.95 and 4.09. 
| A semiquantitative spectroscopic analysis of the celestite, was made 
/ by John C. Hamilton of the U. S. Geological Survey and showed the fol- 
lowing impurities in per cent: Al 0.07, Fe 0.03, Ca 0.15 and Ba 3.0. The 
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sample submitted for this analysis still contained some iron sulfide inclu- 
sions even after careful handpicking; these inclusions although estimated 
at less than 0.1 per cent by volume, based ona micrometer ocular meas- 
urement, probably account for most or all of the iron found. Part or all 
of the aluminum may be due to clay impurity, although none could be 
seen with a microscope. The specific gravity and indices of refraction of 
this celestite are slightly higher than those of pure celestite (SrSO,), no 
doubt due to the 3.0 per cent Ba. 

It is the optic angle of 55°, however, which poses a problem since the 
barytocelestite series is reported to vary in 2V from 50° to 37° 30’ accord- 
ing to Winchell (1951). This is not an isolated instance of 2V anomaly for 
celestite, for earlier unpublished work by one of us has shown that celes- 
tite from the Cripple Creek District, Colorado, had a 2V of 51°+3° (by 
universal stage) and thus the 2V reported for pure celestite. Yet this had 
a composition of 64 per cent SrSO, and 36 per cent BaSQ, estimated from 
the indices of refraction and confirmed by spectrographic analysis. 

Black lustrous conchoidally-fracturing asphaltic material occurs inter- 
grown with the celestite and very thin coatings of iridescent iron sulfides 
cover some of the celestite crystals. Colorless calcite caps some of the 
celestite and also is found free as small dogtooth spar crystals. It was 
checked optically and found to be uniaxial negative with w about 1.657. 
Finally strontianite occurs sparsely as tiny tufts of acicular crystals 
capping both calcite and celestite. These needles show parallel extinction 
and are length fast; their optic sign is negative and their 2V is very small. 
a is approximately equal to 1.516 and 6 and y are both close to 1.666. 


PARAGENESIS 


Paragenesis is rather clear in this whewellite occurrence, and the min- 
erals are listed from first-formed to last-formed: 
celestite 
pyrite and marcasite 
asphaltic material 
whewellite 
calcite 
strontianite 


None of the crystals in this sequence show corrosion. The iron sulfides and 
celestite are mainly contemporaneous, but thin iridescent coats of sul- 
fides on celestite indicate the sulfides to be later also. The occurrence of 
both pyrite, marcasite and marcasite altered to pyrite suggests changing 
conditions during the iron sulphide deposition. Asphaltic material, 
partially intergrown with celestite, and also covering it, indicates its 
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early formation. Whewellite clearly shows evidence of enclosing and 
crystallizing around the celestite. Calcite was found capping celestite, 
asphaltic matter, and whewellite. Finally, strontianite caps both calcite 
and celestite. 

The association of whewellite with asphaltic material strongly suggests 
that the oxalate part of the whewellite is of organic origin and is either de- 
rived from the asphaltic material or from the same source as the asphaltic 
material. This source is most probably the carbonaceous detritus (‘‘car- 
bonaceous trash’’) known to be present in the lower part of the Chinle 
formation. 
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A STRUCTURAL PROPOSAL FOR BOULANGERITE 


L. Born AND E. HELLNER, Mineralogical Institute of the 
University, Kiel, Germany. 


ABSTRACT 


A structure for the sub-cell of boulangerite is proposed which explains the morphology 
(as needles) and shows the boundary between the “galena-like” and the “stibnite-like” 
structures of complex sulfides. 


The last reported research on boulangerite was by Berry (1940), who 
made Weissenberg photographs. If the weak first layer is neglected, the 
unit cell can be taken as 


a = 21.14, by = 23.46, co = 4.035 A; space group Pbnm. 


Including the weak first layer, Berry proposed a monoclinic cell, or an 
orthorhombic B cell, the latter with doubled a and ¢ axes. 

This paper gives the result of a structure determination for the sub- 
cell of boulangerite. The specimen used was labelled ‘“‘Heteromorphit” or 
“Pedererz’ =‘“‘plumosite,” from Pribram, Bohemia.* Weissenberg 
photographs of the 0 and 2nd level were similar to those published by 
Berry, and with respect to the sub-cell there is full agreement with his re- 
sults. However the weak first level on our film shows orthorhombic sym- 
metry, and not the monoclinic symmetry shown by Berry’s photograph. 
Nevertheless, the differences in the intensities of related reflections are 
slight in Berry’s photograph, and therefore we prefer the orthorhombic 
symmetry for the large unit cell with 


a = 42.28, bo = 23.46, co = 8.07 A; space group Bb2ym 


The chemical analysis by Berry leads to the formula PbeoSbigSas for the 
sub-cell, which is also the basis for our structure determination. The 
calculations were made on an IBM 650 machine, using the INCOR pro- 
gram (by Zalkin/ Jones, 1957); the least-squares program (by Temple- 
ton/Senko, 1957); and the Patterson-Fourier-Program (Darmstadt- 
Sindelfingen-Program). A proposed structure for the metal atoms was 
derived from two Patterson sections P(w, v, 0) and P(w, v, 4). With the 
aid of these metal positions a Fourier synthesis was calculated; this Four- 
ier synthesis also gave the positions of most of the sulfur atoms. During 
the least-squares refinement the remaining sulfur atoms were located. 

Both the first layer and the very weak reflections of the 0 and 2nd 
layer were neglected in the first estimation of the structure, because the 


* For this and other material, we are greatly indebted to Prof. Ramdohr, Heidelberg, 
Germany. 


} Professor L. G. Berry kindly sent us his film. 
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Weissenberg photographs showed a large anisotropic influence of the ab- 
sorption factor, and in addition these weak reflections are influenced by 
the superstructure. Table 1 shows the estimated parameters of boulan- 
gerite which gave an R-factor of 17. 6%. This seems unexpectedly favor- 
able in view of the neglect of the weak reflections. 

Boulangerite has 3 positions occupied by Pb and 3 by Sb. Positions 
4—6 are occupied in the sub-cell by a statistical distribution of Pb and Sb 


TABLE 1. ATOMIC PARAMETERS OF BOULANGERITE 


Parameter 
Number of Atom Symbol ss - 
6p y z 
1 Pb 0.307 0.160 0.250 
2 Pb ily 498 250 
3 Pb 206 323 250 
4 Pb, Sb 458 433 750 
5 Pb, Sb 132 098 750 
6 Pb, Sb 486 129 750 
7 Sb 287 462 750 
8 Sb 046 232 250 
9a Sb/2 388 283 750 
9b Sb/2 372 307 750 
10 S 069 017 250 
11 S 247 028 250 
12 S 156 175 250 
13 S 420 219 250 
14 S 330 375 250 
15 S SUL 088 750 
16 S 014 138 750 
17 S 278 251 750 
18 S 096 295 750 
19 S 186 415 750 
20 5 013 441 750 


with the atomic form factor (fpp+fsp)/2. This is reasonable for the super- 
structure and indicates in this case that Pb and Sb alternate in the c 
direction. Position 9 was split up in two antimony atoms, which were 
shown by the Fourier synthesis. Therefore the atomic form factor for 9a 
and 9b has the value of fs,/2. We recognize this splitting by the strong 
deviation of the temperature factors from the average of all the other 
atoms. 

In contrast to Berry’s formula PbzoSbigSa4, our rough structure estima- 
tion for the sub-cell indicates a formula PbisSbisSa. The later refinement 
for the superstructure and the calculation of the anisotropic absorption 
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factor may change our formula in the direction of Berry’s formula. 
Figure 1 shows the result of the structure determination; the hatched 
parts indicate the chains in the ¢ direction, which are responsible for the 
plumose morphology. 

A first proposal to derive the structure of complex sulfides from the 
galena (NaCl) type was made by Hofmann (1935) and extended by Hell- 
ner (1958). A number of sulfides, like miargyrite, meneghinite, cosalite, 
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Tic. 1. Structure of boulangerite for the sub-cell, projected on (001); the hatched parts 
indicate the chains in the c-direction. 


and the andorite group follow this pattern and it was shown that it is 
possible to extend it also to stibnite, but it was mentioned that the co- 
ordination number of the metal atoms increases from 6 to 7 in stibnite. 
Figure 2 shows an ideal galena type, projected on (110). In Fig. 3 the 
atoms have the same x and y parameter, but the z parameters of half of 
the atoms are interchanged in such a way that the coordination number 
of the metal atoms becomes 542 (=7), the latter with a larger distance. 
The 3-dimensional network of the galena structure (Fig. 2) has been 
divided into 2-dimensional nets. This change from a galena-like structure 
to a net structure can be considered to be produced by a large replace- 
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Frc. 2. Structure of the galena (NaCl) type, projected on (110). 


ment of Pb and Sb. But hand in hand with this replacement the ratio 
between metal and sulfide atoms decreases and the nets are cut off into 
chains of variable width in respect to the two factors mentioned above. 
Typical representatives of this group are jamesonite (Niizeki and Buer- 
ger, 19576) and boulangerite. 


2a 


Fc. 3. Projection of the galena type on (110), but half of the z parameters of the sulphur 
and metal atoms are interchanged in such a way that the 3-dimensional network of the 
galena type changes into 2-dimensional infinite nets. The coordination number changes 
from 6 in the galena type to 5+2(=7) in the “net” structure. These nets are cut off in 
chains in respect to the c-direction, as we can find in boulangerite and jamesonite. 
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Fic. 4. Structure of stibnite projected on (001) indicating chains which are arranged in 
such a distorted way that the relations to the ‘‘net”’ structures are difficult to recognize. 


If Sb constitutes the major part of the metal atoms, the ratio between 
metal and sulfide atoms becomes smaller and smaller until the limit, 
f=Mne/Ns= 0.67, is reached in stibnite. One third of the metal positions 
become unoccupied and the deformation of the octahedral holes reaches 
a maximum because the Sb atoms are strongly connected with only 
three sulfur atoms. Therefore the chains are small and irregularly ar- 
ranged in respect to a changed galena type. Livingstonite (Niizeki and 
Buerger 1957a) also belongs in this group. 


SUMMARY 


The structures of the complex sulfides can be divided in two groups: 


1) “Galena-like” structures have large portions with a distorted 
galena type (Fig. 2), with the coordination number 6 for most of the 
metal atoms; only the metal atoms on the edge of the galena parts 
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have another coordination number. Miargyrite, schapbachite, 
cosalite, meneghinite, the andorite group, galenobismutite, the 
krennerite, sylvanite and calaverite belong to this type. 

2) The chain structure or “stibnite-like” structures are characterized 
by a high Sb (or Bi) content and by a change in their relation to the 
galena type indicated by the transformation from Fig. 2 to 3. The 
coordination number changes from 6 to 5+2 (=7); the chains have 
variable compositions and orientations to each other. The relation 
to Fig. 3 is shown by the structures of jamesonite and boulangerite; 
other sulfides with a chain structure but less closely related to Fig. 
3 are livingstonite, stibnite, aikinite and wolfsbergite. 


Ii seems reasonable to derive the ‘“‘galena-like”’ complex sulfide struc- 
tures from distorted three-dimensional lattice complexes, 7.e. F-lattices, 
and the “stibnite-like” types from two-dimensional lattice complexes 
which indicate the chain character. 
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NOTES AND NEWS 
PARATELLURITE, A NEW MINERAL FROM MEXICO! 


GrorGe Switzer, United States National Museum, Washington, D.C. 
AND Howarp E. Swanson, National Bureau of 
Standards, Washington, D.C. 


INTRODUCTION 


Tellurium dioxide, TeOs, occurs in tetragonal and orthorhombic di- 
morphous forms. Orthorhombic TeO: is found in nature as tellurite. The 
tetragonal form, well known as a chemical compound, has been found 
associated with tellurite and native tellurium at Cananea, Sonora, 
Mexico. The name paratellurite is proposed for the new mineral. 


TETRAGONAL TELLURIUM DIOXIDE 


The structure of tetragonal TeO: has been determined by Stehlik and 
Balak (1949), who found that it has either the space group P4,2,2 or P4,2,2 
with 4(TeO2) per unit cell. 

X-ray powder data for tetragonal tellurium dioxide are given in Table 
1. Column 1 gives data obtained on “Specpure’”’ TeO: manufactured by 
Johnson, Matthey and Co., Ltd., London. Data in column 2 were obtained 
on the naturally occurring material. The two materials give essentially 
identical patterns. 


PARATELLURITE 


Paratellurite occurs very sparingly with tellurite in thin seams in na- 
tive tellurium as an alteration product of tellurium and tellurite. 

The mineral is very fine grained, grayish white in color, with a resinous 
to waxy luster and hardness of 1. A specific gravity of 5.60 was deter- 
mined on a 13.7 mg. sample with the Berman balance. This value is 
apparently low due to the fine-grained nature of the material. The calcu- 
lated density is 6.017 gms./cm.*. Indices of refraction are greater than 
2:05; 

Scarcity of material and difficulty in its purification made analytical 
work difficult. A chemical analysis was made by George B. Magin, Jr., of 
the United States Atomic Energy Commission, on a solution prepared 
from a 50 mg. sample. Two 20 ml. aliquots were taken and Te was pre- 
cipitated and weighed. The results of the two determinations were 78.5% 
and 78.0% Te. Theoretical Te in TeQ, is 79.94%. 

A quantitative spectrographic analysis of paratellurite was made by 


LRA eid sa curr: Tee a ata ; eae : 
Publication authorized by the Secretary, Smithsonian Institution and the Director, 
National Bureau of Standards, 
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TABLE 1. TELLURIUM (IV) OXIDE, PARATELLURITE, TeO2 (TETRAGONAL) 


(Cu, 1.5405 at 25° C.) 


Synthetic (Johnson Matthey Co. 


Ltd., London)* 


Paratellurite, Sonora, Mexico 
U.S.N.M. R8861 


hkl a(A) ip d(A) Hi 
101 4.07 9 4.068 12 
110 3.40 88 3.404 86 
111 3110 13 3.107 13 
102 2.98 100 2.988 100 
112 2.536 1 2.536 1 
200 2.407 20 2.407 20 
201 DOS 2 2.296 3 
210 DMS 2 WS 3 
211 2.071 6 2.071 5 
113, 202 2.034 1 2.033 1 
004 1.903 8 1.904 10 
212 1.872 65 1.873 55 
203 1.745 << 1.746 2 
220 1.700 12 1.701 12 
114221 1.660 DD 1.661 22 
213 1.6401 4 1.641 4 
301 1.5684 3 1.569 2 
310 1.5210 12 il 5 SPAIP 9 
204 1.4923 15 1.4925 12 
302 1.4775 9 1.4777 8 
DIB) VY 14127 2 1.4129 2 
303 1.3554 1 1.3554 <a 
321 1.3139 2 1h oily) 2 
313 1.3048 <i 1.3048 2 
224 1.2681 4 1.2682 5 
322 1.2590 4 1.2590 7 
215 1.2433 1 1.2431 D 
106, 304 122270 5 1.2269 5 
400 1.2020 <a 1.2026 D) 
116, 314 1.1881 6 1.1882 6 
BIS 1.1806 << il LY 4 
411 iL SS! <x il 1.1530 3 
225 1.13414 el 1.1339 <a 
331 iL VAY <el iL Al i 
412 1.1158 2 1.1159 2 
216, 324 1.0928 4 1.0929 3 
403, 332 1.0866 < iil 1.0867 1 
315, 240 1.0753 oil 1.0760 <a 
421 1.0647 <i | 1.0646 <<a 
107, 413 1.0601 < il 1.0599 <a 
226, 404 1.0164 1 1.0167 2 
Lattice Constants 
Synthetic Paratellurite 

ao= 4.809 A ap=4.810 A 

6o=7.614 Co 7013 

Cal. density =6.019 g/cm.! 


=6.017 g/cm.’ 


* N.B.S. Circular 539, Vol. 7, page 56 (1957). 
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Harry J. Rose, of the United States Geological Survey. Only Te was found | 


in amounts greater than a few tenths of a per cent. The analysis follows: 


Te major, Sn .04%, Pb .004, Mn .02, Fe .06, Zr .01, Mg .04, Ca .05, Ba | 


01. (Al .2 and Si .5% were found but are due to impurity.) Selenium was 
looked for but not detected. The sensitivity of Se is poor by this method 


and quantities as high as 10 per cent may not be detected. However, the | 


fact that the unit cell dimensions of paratellurite and “‘specpure” TeOrz 
are practically identical would indicate that if any Se is present it is 
minor. 

Paratellurite occurs as a fine-grained crystalline aggregate, either mas- 
sive or pseudomorphous after tellurite. Some well-defined telluritecrystals 
are transparent and unaltered; others, while retaining the tellurite crystal 
form, are in part or entirely altered to paratellurite. That these latter 
paratellurite ‘‘crystals” are fine-grained aggregates rather than single 
crystals was demonstrated by placing the tip of one in an x-ray powder 
camera. A powder-type diffraction pattern was obtained without grind- 
ing the sample. 

The relationships described above clearly indicate that the ortho- 
rhombic form of TeQ: was the first to form, but that the tetragonal form 
is the more stable. 

Attempts to synthesize orthorhombic TeO: were unsuccessful, whereas 
tetragonal TeO, can be readily prepared by heating Te in air at 400° C. 
An attempt was made to convert tetragonal TeO: to the orthorhombic 
form by heating it in a hydrothermal bomb at 300° C. and 30,000 psi for 
four days. The tetragonal form persisted. 

A sample of tellurite (orthorhombic TeO:) from Mexico was run witha 
high temperature «-ray specimen mount on a diffractometer to deter- 
mine the inversion point to the tetragonal form. The inversion took place 
at between 600° and 650° C. The change in the natural material appar- 
ently took place at a much lower temperature since tellurite and para- 
tellurite occur in native tellurium, and tellurium has a melting point of 
452°C. 

The specimens of native tellurium with tellurite and paratellurite 
upon which this work was done were purchased from mineral dealers 
and are in the United States National Museum collections under num- 
bers R8861 and C5995. The locality was given as Cananea, Sonora, 
Mexico. Richard V. Gaines (personal communication) reports that the 
material probably came either from La Moctezuma, or the Santa Rosa 
mine, near Cananea. 
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ETTRINGITE (“WOODFORDITE”) FROM CRESTMORE, CALIFORNIA 


JosEPpH MurpbOocH AND RoBert A. CHALMERS, University of 
California, Los Angeles, and University of Aberdeen, Scotland. 


INTRODUCTION AND OCCURRENCE 


In the process of studying minerals from Crestmore, California, A. O. 
“Woodford and his associates, Woodford ef al. (1941), Woodford (1943), 
observed veins of a hexagonal mineral which they could not identify, 
and provisionally called Mineral ‘‘K.”’ This was later, in part at least, 
determined to be thaumasite, Switzer and Bailey (1953). Very similar 
material from their specimen, and from other specimens collected by 
Col. Clarence Jenni from the same general locality, was not thaumasite. 
This was submitted to the authors for identification. Its properties were 
found to be very close to those of ettringite (from published descriptions), 
but x-ray study showed the unit cell to have twice the dimension of 
ettringite in the ad direction. A chemical analysis also showed the pres- 
ence of 3.15 SiO: and 3.35 COs, and a perceptibly smaller amount of 
H2O than called for in ettringite.* Further, the indices of refraction were 
somewhat lower, and accordingly the mineral was considered to be new, 
and given the name ‘‘woodfordite.”’ After presentation of a report on this 
mineral, Murdoch and Chalmers (1958), it became possible to obtain 
crystals of type material, from Ettringen, and x-ray measurements were 
made on them for comparison. This study showed that the determination 
of the unit cell is in error, and that the a axis is really twice the published 
value, Bannister (1936). This finding has been confirmed by Hurlbut 
(see page 1141 in this issue) on crystals from Scawt Hill, and the authors 
are forced to the conclusion that ‘“‘woodfordite” is ettringite. The differ- 
ence in composition, although important, and the slight variation in 
indices of refraction, cannot be considered enough to warrant giving this 
material a new species name. The name ‘‘woodfordite” thus must be 
considered withdrawn. 

Ettringite occurs as a vein filling in the massive contact rock of the 
910’ level of the Commercial quarry at Crestmore, and is locally rather 
abundant in some of the veins. The matrix rock is rather variable, and is 
made up of varying proportions of a merwinite, spurrite, gehlenite mix- 
ture, with associated diopside, idocrase, wollastonite and rarer small 
bright yellow grains of garnet. In the veins ettringite occurs as an open 

* This determination was made on material which appeared to be fresh, but which 


apparently was somewhat de-hydrated, perhaps during the rather considerable time lapse 
between collecting and analyzing. 
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space filling of small (maximum length 1 mm.) hexagonal crystals asso- 
ciated with calcite and afwillite, and as somewhat larger grains showing 
few crystal faces, usually penetrated by afwillite prisms. The well- 
formed crystals are stout prismatic in habit, terminated, sometimes 
doubly, by the base and a series of pyramid forms which are not usually 
well-developed. The prism faces are sometimes perfectly smooth, but not 
uncommonly striated parallel to c. This is in part due to incipient altera- 
tion, and serves as an easy criterion for distinction of the mineral from 
thaumasite, which is invariably very smooth-faced and much more glassy 
in luster than ettringite. The accompanying calcite is usually in small 
very steep rhombohedral crystals, and the afwillite is normally in slender 
bladed prisms. 


PHYSICAL PROPERTIES 


The Crestmore ettringite is colorless when fresh, but often coated, or 
completely replaced by a white, powdery alteration product. Its hardness 
is 2.5; specific gravity 1.78 (measured in bromoform-acetone mixture) ; 
cleavage {1010} perfect; soluble with moderate to slight effervescence in 
cold dilute acid, leaving a visible residue of silica. The crystals show 


Tapur I. X-Ray PowpER DATA FOR ETTRINGITE 
Cu radiation, Ni filter, \=1.5418 


Crestmore Synthetic Crestmore Synthetic 

d I d I d I d 
10.53 3 — 2.81 $ 2.806 2 
9.72 10 9.73 10 DANS 5 DHS) 4 
8.88 2 8.86 1 — 2.714 > 
5.60 7 5.61 8 2.69 3 2.697 1 
4.97 2 4.98 D 2.68 3 2.680 5 

a 4.86 3 2.618 1 2.616 D, 
4.68 3 4.69 4 2.568 5 2.564 4 
AS55 3 a 2.525 3 2.524 5) 

= 4.41 y 2.490 3 2.487 2 
4,025 5 4.02 1 — 2.434 3 
3.88 4 3.88 5 2.427 3 2.422 } 
SHOi 3 Sal! $ 2.410 2 a 

3.59 3 3.60 1 2.403 3 2.401 il 
3.476 D 3.48 3 D SNG , 2.347 D 

= ul i — 2.230 2 
3.24 1 3324 2 2.208 5 2.209 4 
3.03 4 3.016 4 2.180 3 2.185 1 
2.93 2 = 2.154 2 2.154 2 

plus additional lines 
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{1010} with occasionally only {0001}, but more commonly one or more 
pyramids rather poorly developed. The commoner of these approach 
{1012} and {1011} (or {7078}), but are in such poor position that an 
axial ratio derived from them would be quite unreliable. The indices of 
refraction appear to be somewhat variable from specimen to specimen, 
common observed values being from 1.450 to 1.455 for e, and from 1.465 
to 1.470 for w. One specimen, showing good crystals terminated by 
{0001} only, gave values of «= 1.470, w=1.485. 

The white alteration product is found to be largely a mixture of calcite 
and gypsum. Residual needles of ettringite in this mixture usually give a 
higher index than normal. 


X-Ray STUDY 


X-ray powder photographs of the Crestmore ettringite match almost 
-exactly that of synthetic ettringite, Bur. Standards (1959), (Table I). 
Single crystal «x-ray photographs were taken about [0001], [1010] 
and [1120]. From these the cell-dimensions were derived (Table II). In 
this table are given published values for ettringite from other localities, 
and also of thaumasite, for comparison as a similar mineral. The space 
group, P6;/mmc was determined from the observed systematic extinc- 
tions, and agrees with the findings of Bannister (1936) and Hurlbut 
(1960). 


TABLE II. Unit CELL DIMENSIONS 


ao Co 
Ettringite 1 22.48 A 21.31 A 
Ettringite 2 22.33 A 21.35 A 
Ettringite 3 DI SIN 21.29 A 
Ettringite 4 11.26 A 21.48 A 
x2=22.52 
Ettringite 5 22.47 A 21.46 A 
Thaumasite 1 10.95A 10.30 A 
x2=21.90 
Thaumasite 2 PASO 10.54 A 


. Ettringen, Germany (Murdoch, this study) 
. Crestmore, California (Murdoch, this study) 
. Franklin, N. J. (Hurlbut, 1960) 
. Scawt Hill, Co. Antrim (Bannister, 1936) 
5. Scawt Hill, Co. Antrim (Hurlbut, 1960) 
Thaumasite 1, Langban, Sweden (Welin, 1957) 
2. Paterson, N. J. (Murdoch, this study) 
The revised value for a for thaumasite was derived from a rotation photograph about 
[1010], on a good single crystal. 


Ettringite 


Bewnde 
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N,N-DIMETHYLFORMAMIDE, A NEW DILUENT FOR 
METHYLENE IODIDE HEAVY LIQUID* 


ROBERT MrEyrowItTz, FRANK CUTTITTA, AND BETSy LEVIN, 
U.S. Geological Survey, Washington 25, D.C. 


Dimethyl! sulfoxide (DMSO), (CH3)2SO, has been recommended as a 
diluent for methylene iodide (diiodomethane) in heavy liquid separations 
(Cuttitta, Meyrowitz, and Levin, 1960). Dimethyl sulfoxide-methylene 
iodide liquids of low density (approximately 2.92) become blood red on 
long standing. Storing the liquids in contact with copper wire or shavings 
reduces markedly the rate at which the red color deepens. 

N,N-Dimethylformamide (DMF), HCON(CHs)e, is recommended as a 
diluent for methylene iodide. Its physical properties are similar to di- 
methyl sulfoxide. Its vapor pressure is low; its boiling point is high and 
it is completely miscible with water and acetone. The advantage of the 
dimethylformamide liquids over the dimethyl sulfoxide liquids is that 
they remain transparent for a longer time. Mixtures of dimethylform- 
amide and methylene iodide stored in contact with copper wire or shay- 
ings do not become red on long standing (seven months). They remain 
light yellow. They do become red when not stored in contact with copper 
wire or shavings. Table 1 compares the salient properties of dimethyl- 
formamide, dimethyl sulfoxide, acetone, ethyl alcohol, and methylene 
iodide. 

In order to test the constancy of the dimethylformamide-methylene 
iodide solutions during use, a series of solutions, each having a 90 ml. 
volume, was prepared. The specific gravities of the liquids were 2.85, 


* Publication authorized by the Director, U. S. Geological Survey. 
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TaBLe 1. SoME PuysicaL Properties or N,N-DIMETHYLFORMAMIDE, DIMETHYL SULF- 
OXIDE, ACETONE, Etuyt ALCOHOL, AND METHYLENE IODIDE 


Melting Boiling Vapor pressure Vapor pressure ; Flash Viscosity 
point point mm.Hg at mm.Hg at pecan point 25°C. 
ee Cer DOC 30°C: ea re cp 

N,N-Dimethylformamide! — 61 153 Del 5.0 0.95 153 0.80 
Dimethyl sulfoxide? 18.4 189 0.37 0.79 1.10 203 1.98 
Acetone — 953 56.53 1854 2834 0.793 153 0.323 
Ethyl alcohol —1148 78.48 43.94 78.84 0.798 708 1.18 

Methylene iodide 5-63 1803 1.01(20.6°C.)5 1.90 (29.5°C.)§ 3.338 None 0.028 


1 Grasselli Chemicals Department, E. I. Dupont de Nemours and Co., Inc. DMF Product Information Bull., 
April 1, 1954. 

2 Stepan Chemical Co., Technical Bulletin, Dimethyl sulfoxide, Dec. 29, 1954. 

3 Hodgman, 1957. 

4 National Research Council, 1928. 

5 Gregory and Style, 1936. 

6 Timmermans and Hennaut-Roland, 1932. 


2.91, 2.94, 3.06, 3.07, and 3.15. For each solution in the series, 12 to 16 
heavy liquid separations, which included a filtration step, were made on 
approximately 10 gram portions of mineral mixtures over a period of 4 
weeks. The remaining liquid (in contact with copper wire) was stored for 
an additional 6 months. The specific gravities of these liquids were deter- 
mined again. The specific gravities of all of the liquids increased slightly. 


Specific gravity Specific gravity A Number of 
before use after use Specific gravity Separations 
2.85 2.87 +0.02 16 
2.91 2.94 +0.03 12 
2.94 2.97 +0.03 14 
3.06 3.09 +0.03 12 
3.07 3.08 +0.01 15 
Be 5) Soll +0.02 15 


The combining volumes of dimethylformamide-methylene iodide solu- 
tions are additive and a straight-line mixing curve (volume+ volume) 
can be used to prepare a liquid of desired specific gravity. Acetone, 
dimethylformamide, and water are miscible in all proportions. The 
separated minerals can be washed freeof adimethylformamide-methylene 
iodide liquid using acetone. The methylene iodide can be recovered from 
the washings by mixing the washings with large volumes of water in the 
‘manner conventionally used when alcohol or acetone is the diluent. When 
a dimethylformamide-methylene iodide solution, prepared for a specific 
job, is no longer needed, the methylene iodide can be recovered in the 
‘same way. 

Information supplied by the manufacturers of dimethylformamide 
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states that toxicity does not seem to be a problem. Although the maxi- 
mum allowable concentration in the atmosphere of dimethylformamide 
is relatively small, its “low volatility appears to make its use less haz- 
ardous from a vapor standpoint than that of many of the commonly- 
used organic solvents.” It is suggested that contact of the dimethylform- 
amide with the skin should be avoided and if it is spilled on the skin, it 
should be immediately flushed with a generous quantity of water. 
Breathing of the vapors should be avoided and adequate ventilation 
should be provided during use. 
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PLANCHET PRESS AND ACCESSORIES FOR MOUNTING 
X-RAY POWDER DIFFRACTION SAMPLES 


R. W. Rex anv R. G. Cuown, California Research Corporation, 
La Habra, California 


Quantitative «-ray powder diffraction by the technique described by 
Klug and Alexander (1954) requires uniform packing of finely ground 
powder samples with minimal preferred orientation. Ideally the tech- 
nique should be simple, fast, and reliable. Widely used mounts for pow- 
ders are a smear on a glass slide and powder packed into depressions in 
glass slides (Klug and Alexander, 1954). Another approach to the prob- 
lem of mounting samples is to sediment or press the powder into a mold, 
mount, or planchet (Adams and Rowe, 1954; Holland, ef al., 1955; and 
McAfee, 1956). All of the described devices had some shortcomings for 
our requirements. We therefore modified a pellet press* to pack samples 
to meet our needs. A monel planchet is used to avoid iron fluorescence in 
Cu Ka «x-ray radiation. 


* Parr Instrument Co., Moline, Illinois. 
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We feel that this press is an improvement over other methods because: 
(1) preferred orientation is minimized by compressing the sample from 
the side not exposed to «-rays (also recognized by McAfee, 1956); (2) 
the density is easily controlled by manual pressure; (3) the planchet is 
rigid, rugged, and permits manipulation of the sample in any orientation; 
(4) the planchet is interchangeable among the G. E. XRD-3 and -5 
x-ray diffractometer head, the Norelco glass slide holder, and the Norelco 
flat sample spinner; and (5) the process of mounting the sample is very 
simple, fast, and reliable. 

Birks (1945) has pointed out that fine grinding of powders is the best 
way to minimize preferred orientation errors. We find that samples must 


Fic. 1. Planchet press ready to be loaded 
with powder sample. An extra planchet sits 
on the press base. 


be ground finer than 15 microns for best results. Grinding must be done 
under a solvent such as a ketone, alcohol, or hydrocarbon to avoid the 
mineral decomposition which occurs if one grinds dry samples. A per cent 
of gum arabic gives cohesion to those powders that otherwise fail to pack 
properly. 

Using the techniques described by Klug and Alexander (1954) we ob- 
tain calibration curves of NaCl-KCl mixtures, mounted with this press, 
with a standard deviation of 1.1 per cent. Quartz determinations in 
multiphase matrices (aluminum internal standard) show a standard 
deviation of 2.4 per cent. These calibrations were obtained by rate meter 
techniques and still better results can be obtained with scalar techniques. 

Photographs of the press, planchet, a clip to hold the planchet to the 
Norelco slide holder, and a minor modification of the Norelco flat sample 
spinner are shown in Figs. 1 through 3. These modifications are readily 
made by a good machinist. 
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Fic. 2. Modification of the Norelco ro- lic. 3. Packet planchet held by a special 
tating flat sample holder to properly posi- clip on the Norelco glass slide holder. The 
tion the planchet. We have discarded the clip slides off readily and even when left on 
original indexing ring which obstructed does not interfere with the use of glass 
the beam at low angles. This present ar- slides. 
rangement permits studies at very low 
values of 20. 
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ORIENTED OVERGROWTHS OF TENNANTITE AND 
COLUSITE ON ENARGITE 
RicHarpD A. BIDEAuX, College of Mines, University of Arizona, 


Tucson, Arizona. 


A specimen from the Cerro de Pasco mine, Cerro de Pasco, Peru, now 
in the writer’s collection, consists of a radiating aggregate of prismatic 
enargite crystals up to 20 mm. long. The enargite crystals are covered 
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with a druse of minute tetrahedra which seemed to have a preferred 
orientation on the enargite. These tetrahedra were found to be a member 
of the tetrahedrite-tennantite series with a9=10.22 A. Several of the 
enargite crystals were selected for measurement on the two-circle reflect- 
ing goniometer: the orientation was determined as {111} [111] tennantite 
// {001} [001] enargite. 

As shown in Fig. 1, the tennantite tetrahedra on (001) of enargite are 
further oriented with an apex pointing towards (001) of enargite and with 
their opposite edges parallel to [010], [210] or [210] of the enargite. The 
larger tetrahedra growing on {101} of enargite maintain this same orien- 
tation. The structural control of the tetrahedra incrusting the enargite 


Fic. 1. Basal projection of enargite showing c{001}, 6{010}, {100}, m{110} and k{101} 
with oriented tennantite tetrahedra showing 0{111!, m{112} and a{001}. Cerro de Pasco 
mine, Cerro de Pasco, Peru. 


prism zone appears not to be so rigid, as a number are in random orien- 
tation; however, reflections from tetrahedra with an apex pointed to- 
wards (001) of enargite were searched for but not observed. This is 
taken as indirect confirmation of the polar character of both the ¢ axis of 
enargite and the [111] directions of tetrahedrite-tennantite. While {010} 
and {110} of enargite are thickly incrusted, {100} is not; the few tetra- 
hedra observed on this form are developed along striations parallel to 
[001] of enargite. 

In the structural study of enargite by Pauling and Weinbaum (1934) 
it is pointed out that this structure can be derived from that of wurtzite 
by the appropriate substitution of copper, arsenic and sulfur atoms for 
the zinc and sulfur atoms of the wurtzite. Similarly, Pauling and Neuman 
(1934) consider that the structure of tetrahedrite-tennantite can be ar- 
rived at through the replacement of the zinc and sulfur atoms in eight 
unit cells of sphalerite by copper, arsenic and/or antimony, and sulfur 
atoms, with some sites vacant. Further, the structure of sphalerite in 
the [111] direction and wurtzite in the [0001] direction differ only in the 
sequence of stacking of similar layers of sulfur-zinc tetrahedra. 
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Mitchell and Corey (1954) describe artificial oriented overgrowths of 
sphalerite tetrahedra on wurtzite prisms. The orientation of the sphalerite 
on wurtzite is identical to that described above for tennantite on enargite. 
As the [0001] direction of wurtzite is analogous to the [001] direction of 
enargite, the observed orientation of tennantite on enargite is not unex- 
pected. 

A fine group of enargite crystals from the Leonard mine, Butte, 
Montana in the collection of Edward McDole of Butte, contains a num- 
ber of enargite prisms which are capped by complex silver-white crystals 
which were thought to be colusite. Other specimens of these overgrowths 
were supplied to the writer by Richard W. Thomssen and Sidney A. 
Williams of Tucson, and Albert L. McGuinness of Eugene, Oregon. All 
of these specimens were collected in the past few years. 

Several of these groups were measured on the optical goniometer, 
and the identity of the enargite and the isometric, hextetrahedral char- 
acter of the colusite established. The largest colusite crystals seen 
reached a maximum dimension of about 6 mm. An x-ray powder pattern 
of these capping crystals gives spacings essentially in agreement with the 
published pattern of colusite in Murdoch (1953). The unit cell edge of this 
recent material is 10.64 A, with values around 10.61 A previously re- 
ported. Additionally, the carbon-are spectrogram of this material shows 
strong lines of copper and arsenic, and weaker lines of antimony, tin, 
iron and vanadium. This particular set of elements seems to characterize 
the reported analyses of colusite, and helps to distinguish it from the 
similar minerals germanite, reniérite and gallite. 

All of the colusite crystals examined, with one exception, show large 
{111}, and smaller {012}, {112} and {011}. As noted by Wolfe in Berman 
and Gonyer (1939), colusite is the only mineral in the hextetrahedral 
class which shows the combination of {111} and {012}. All colusite 
crystals seen were twinned by rotation about [111], but with the two or 
more colusite individual’s [111] axes parallel rather than coincident, 
allowing the alternate morphological explanation of reflection across 
{112} with {112} as the composition plane. Characteristically, the 
twinned individuals are also displaced slightly along [111] from one an- 
other, so that their (111) faces are not continuous. The enargite prisms, 
deeply striated parallel to [001], show development of {010}, {100}, 
{110}, {120}, {130} and {150} in the prism zone, and are terminated by 
smooth (001). (Figs. 2 and 3). One of the colusite twins lacked {111}. 
(Fig. 4). These colusite twins are oriented on enargite in the same man- 
ner as the above described tennantite crystals from Cerro de Pasco, 
Peru. This can be construed as additional evidence of a structural simi- 
larity between colusite and tetrahedrite-tennantite. 
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Fre. 2 (left). Group of three twinned colusite crystals oriented on an enargite prism. 
Leonard mine, Butte, Montana. Photograph by John W. Anthony. 

Fic. 3 (center). Colusite twin oriented on enargite. Forms on the colusite twin are 
o{111}, e{012}, m{112} and d{011}. 

Fic. 4 (right). Colusite crystal oriented on enargite. This crystal lacks 0{111}; 
forms as in Fig. 3. 


other 

Thanks are due to Professor John W. Anthony, Department of Geol- 
ogy, University of Arizona, and Professor A. Pabst, Department of 
Geology, University of California, Berkeley, who read the manuscript 
and made a number of helpful suggestions. 


REFERENCES 


BERMAN, H. AND Gonver, F. A. (1939), Re-examination of colusite: Am. Mineral., 24, 
377-379. 

Mircuett, R. S. AND Corey, A. S. (1954), The coalescence of hexagonal and cubic poly- 
morphs in tetrahedral structures as illustrated by some wurtzite-sphalerite crystal 
groups: Am. Mineral., 39, 773-782. 

Mervoc3, J. (1953), X-ray investigation of colusite, germanite and reniérite: Am. Mineral., 
38, 794-801. 

Pauine, L. anp Neuman, E. W. (1934), The crystal structure of binnite: Zs. Krist, 88, 
54-62. 

PauLinc, L. AND WEINBAUM, S. (1934), The crystal structure of enargite: Zs. Krist, 88, 
48-53. 


THE AMERICAN MINERALOGIST, VOL. 45, NOVEMBER-DECEMBER, 1960 


A METHOD FOR THE DIRECT DETERMINATION 
OF LATTICE PARAMETERS 


Lorin Hawes, Department of Chemistry, Canberra University College, 
Canberra, Australia. 


Although the calculation of lattice parameters by Cohen’s method of 
least squares (1) has proved a highly successful means of attaining ac- 
curacy and precision from x-ray powder data, it incorporates an analyti- 
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cal extrapolation of cos? 6 to @=90°, as suggested by Bradley and Jay 
(2) to eliminate errors inherent in Debye-Scherrer type cameras. This 
dependence upon the error characteristics of a specific recording geom- 
etry may limit the universal applicability of the method to data obtained 
from other types of recording devices in which the systematic errors are 
either negligibly small (3), (4) or at any rate are not proportional to 
cos” 6. 

In the absence of systematic errors, it is still advantageous to minimize 
residual random errors, and this may be done conveniently and directly 
by finding values of Qasr (where Q=1/d?) for each of the reflections con- 
cerned, and combining these by the method of least squares to yield the 
lattice parameters of the crystal in question. 

The derivations of the method for the cubic, tetragonal and ortho- 
rhombic systems are as follows: 

1. Cubic system (where a=/?+#?+/, A=1/a,’, and A is the error) 
Q=aA+A, Rearranging and squaring, A?=(Q?+a?A?—2aAQ. 
Differentiating with respect to A, 2a°A =2aQ. Hence, for a series of 
observations, 


A=— (1) 


2. Tetragonal system (where a=/?+?, y=P??, C=1/c)? and the other 
terms have the same meanings as in the cubic case). V=adA+yC+A, 
Rearranging and squaring, 

A? = 0? + 7°C? + aA? — 2aAQ — 2yCO + 2adyC 

Differentiating with respect to A and C, respectively, 

ee — 2aQ + 2ayC = 0 
27°C — 270 + 2ayA = 0 
Hence, for a series of observations, 
oe + Clay = ZaQ 
Czy? + ALay = ZyO 
Solving by determinants, 
ZyQ: Lay — LYaQ: zy? 
Dis 


(2) 
and 


LaQ: Lay — LyQ- La? 
Dr 


(3) 


where D* is the determinant of the system, i.e. (Say)?—Ya? Dy? 
3. Orthorhombic system (where a=h?, B=k?, B=1/b,? and the other 
terms are as previously defined) 
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Q=aA+fB+7C+A 
Rearranging and squaring, 
A? = Q? + a?A? + BB? + °C? — 20aA — 208B — 207C 
+ 2a@ABB + 2aAyC + 2BByC 
Differentiating with respect to A,B, and C, respectively, 
(2a?A — 2aQ + 2ayC + 2aBB = ‘ 
,\28?B — 280 + 2aBA + 2ByC = 0 
27°C — 270 + 2ayA + 26yB = 0 
Hence, for a series of observations, 
Kec + BraB + Clay = LaQ 
\BzB? + AZaB + CZBy = TBO 
(CLy? + AZay + BIBy = Dy 
Solving by determinants, 
AD* = [Z7Q Lah ZBy + ZBQ ZBy Tay + VaQ DB? Dy?| 
— [ZaQ (2By)? + LoS BBQ Ey? + Fay BB? BO] (4) 
[Zay EBy LaeQ+ Za LyO Lay + Za? TBO Zy?| 
— [2a 20 Bby + ZaQ Vos Ty? + BO (Za7?] (5) 
[Say LaS TBO+ Zab TBy TaQ+ Za? DBE? DyO] 
— [2a 
[ 
[2a 


DBy ZBQ+(ZaB)? 2Q+Zay FB? LaQ] (6) 
Ba LaB UBy) + Ya? DB? Dy?| 
(2By) + BB? (Say)? + By? (ZaB)?] 


In order to illustrate the ease and directness of application of this least 
squares treatment of the reciprocal lattice, equation (I) will be used to 
calculate the lattice parameter of sodium chloride. The data in this ex- 
ample were derived from a 2.4 cm. radius precision low angle device (4); 
the preliminary treatment of the data involved correction for film shrink- 
age, and the graphical conversion of RZ values (4) to Q values. 


hkl a a Qobs aQovs 
111 3 9 .0936 281 
200 4 16 21255 .502 
220 8 64 .2510 2.008 
311 11 121 3475 3.823 
222, 12 144 .3765 4.518 


Yo aQ = 11.132, >a? =354, A =0.03145, ao =5.639 A, 
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THE DEVELOPMENT OF AN ACCURATE LOW ANGLE X-RAY 
POWDER DIFFRACTION CAMERA 


Lorin Hawes, Department of Chemistry, Canberra University College, 
Canberra, Australia. 


INTRODUCTION 


Most attempts at increasing the degree of accuracy attainable from 
low powder angle powder diffraction data have hitherto been directed 
toward the recognition and mathematical correction of general system- 
atic errors, toward the manual correction of collimation and recording 
geometry distortions and towards the construction of larger and more 
intricate cameras and diffractometers. There are limits to the practica- 
bility of attempting to eliminate errors entirely by these means; usually 
it is found that the random errors of observation become more serious at 
low angles than any or all of the systematic errors attributable to the 
nature of the recording instrument or to the specimen. 


Random errors 


Quantitative assessments of the effect of random errors may be ob- 
tained upon consideration of the instantaneous magnification, M;, de- 
fined as the rate of change of measured film distance, S, with respect to 
the interplanar spacing, D, in the crystal. In the case of the familiar 
Debye-Scherrer type of camera, the measured film distance is propor- 
tional to 6, and, in the terms of Bragg’s equation, 

ds —4R 


Me = = 
dD md cot 6 csc 6 


The magnitude of a random error of observation may be regarded as 
independent of ¢, and its effect upon a derived lattice spacing is inversely 
proportional to M;,, that is, 


nx cot 6 csc 0 
og 


Since cot 6 and csc 6 are functions which increase in value rapidly with 
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decreasing 6, any recording device which measures in units proportional 
to @ must, as a corollary, produce increasingly inaccurate ““D” data at 
low angles. 

To a large extent therefore the problem of equalizing and minimizing 
the effects of random errors at different angles is the problem of recording 
the diffracted rays so that a linear relationship exists between D and the 
measured distance on the film; 7.e. so that the magnification is constant 
and independent of 6. The geometrical surface conforming to this require- 
ment is depicted in Fig. 1, in which the specimen is at the origin and the 


Fic. 1. The ideal surface of Fic. 2. The limiting cylinder. 
constant magnification. 


x-ray beam is coincident with the Z axis. Such a surface unfortunately 
would be difficult to fabricate accurately and would be limited to a par- 
ticular wavelength of x-rays. 

By using the limiting circular cylinder (1) which becomes asymptotic 
to such a surface at low angles however, very nearly the same effect may 
be obtained. This arrangement is depicted in Fig. 2. The film is held in 
the form of a circular cylinder coaxial with the x-ray beam, the specimen 
is in a plane perpendicular to the beam, the diffracted rays strike the 
film at a distance Z above the specimen plane intercept, and the relation- 
ship between Z and D is nearly linear, the relationship being 
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nr 


(arc cot Z) 
2 sin aay = 


The magnification factor for this geometry is given by the relationship 


dZ 
M; = R— = R(nX cos? 6) 
dD 
Since cos @ approaches unity at low angles, M; approaches a constant 
value. 
The relative effectiveness of the arrangement of the film in a circular 
cylinder coaxial with the x-ray beam may be judged from Table I in 
which the instantaneous magnifications are compared at various angles 


TaBLe I. M; as A FUNCTION OF 6 FOR DEBYE-SCHERRER AND COAXIAL 
Firm ARRANGEMENTS (CuKa RADIATION) 


0 M; coaxial M,; Debye Ratio 
45 1.835 108 1.835 108 1.00 
40 1.441 108 1.40 «108 1.03 
35 1.180 108 1.04 108 ils 
20 0.998 x 108 O75 S<ioe 1533 
Ds 0.874 108 OF a0s ef 
20 0.782 108 0.32 108 2.42 
15 0.720X 108 0.18 108 4.00 
10 0.679 X 108 0.08 108 8.54 
5 0.656 X 108 0.02 108 38) 9th 


Very small 0.648 X 108 0 = 


for the circular Debye-Scherrer type of camera and for the coaxial cyl- 
inder arrangement, both of unit radius. It will be noted that the value of 
M; for the coaxial arrangement is large and reasonably constant over the 
entire low angle range. 


Systematic Errors 


The major systematic errors which could affect data from a coaxial 


camera are essentially analogous to those encountered with other types, 
namely 


1) absorption of diffracted x-rays by the specimen. 
2) non coaxial placement of the film cylinder in relation to the x-ray 
beam. 


In addition to these, an error which in the Debye-Scherrer type of camera 


is a random error of small magnitude now becomes a systematic error of 
some importance, 7.e. 
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3) definition of the base line on the film from which all measurements 
are made. (In the case of the Debye camera it is the position @=0° 
and/or 6=90°, in the case of the coaxial it is the position of the 
specimen plane, Z=0, 0= 45°) 


The elimination of each of these systematic errors will be discussed in 
later sections. 


Construction of the Camera 


In addition to minimizing, as far as practicable, the sources of system- 
atic error of an instrumental nature, it is desirable that a camera con- 
structed along the lines discussed should possess the following features: 


1) A means for specimen rotation about the beam axis. 

2) A means for printing fiducial reference marks on the film during 
exposure for later use in film shrinkage correction. 

3) A means for accurately locating the Z=0 line on the film. 

4) The camera should be lightproof, easy to load, easy to align in the 
x-ray beam, and, once so aligned, should be removable at will with- 
out requiring further adjustment. 

A camera incorporating these features is illustrated in Fig. 3. 


The camera body is constructed from a length of two inch copper 
tubing, accurately machined on the interior to form a true circular 
cylinder. Film is held in place by being expanded against this surface by 
two elliptical cams, these being spring tensioned so that a steady tan- 
gential compression is applied to the film during exposure. A series of 
small holes (0.009”) in the side of the camera body permits the direct 
printing of fiducial marks. The specimen holder provides a means for 


Fic. 3. A coaxial camera. 


Tensioning cam 
Tensioning spring 
Longitudinal rod 
Rear end piece 
Sprocket 

Black paper 


A Collimator 

B_ Front end piece 

C Double row ball race 
D Specimen holder 

E_ Rim of disc 

EF Specimen position 

G Camera body 
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positioning the powder wafer in the x-ray beam and a means* for print- 
ing the Z=0 line on the film. It consists of a levitated thin (0.003”) brass 
disc with a central hole; it is the shadow of the rim of this brass disk which 
defines the position of the specimen plane during exposure. 

The specimen itself may be conveniently prepared and mounted by 
sprinkling the powdered sample onto a piece of scotch tape which is then 
stretched tightly across the central hole of the brass disc. The thickness 
of the powdered specimen need not exceed 0.001”; thus errors due to 
absorption are usually negligible. 

The rear end piece, when in place completes the closure of the camera 
body and contains part of the mechanism for specimen rotation, a longi- 
tudinal rod attached to a large hollow bushing. The bushing is drilled 
with four small holes, 90° apart, through which a thin wire may be strung 
to form a crosshair for later use in alignment. The longitudinal rod ro- 
tates eccentrically about the common camera axis and engages a pro- 
truding arm on the specimen holder. The motive power for specimen 
rotation is transmitted from an external synchronous motor to a sprocket 
on the bushing by a chain drive. A lightproof exit port for the x-ray beam 
is provided by gluing a piece of black paper over the end of the bushing. 


Alignment and Calibration of Camera 


The camera is mounted opposite a point focus «-ray source and ad- 
justed until a collimated circular beam is centered in the crosshairs in the 
bushing of the rear end piece. A sample of standard grating crystal, such 
as rocksalt or calcite, is then placed on the specimen holder and an ex- 
posure made. 

Accurate values of @ can be calculated for all lines from these sub- 
stances (2) and used to determine the camera radius by means of the 
relationship 


ke Stan 


(Only the lowest angle lines should be used in this determination; those 
lines for which tan 29 is greater than 2 are generally unsuitable because 
corresponding L values can be read to only two or three significant 
figures. Lines near 6=45° may be used to advantage in locating the 
Z=() plane in the calibration since changes in R do not appreciably 
affect their position.) The calibration of the camera in this manner pro- 
vides a good check on the presence of measurable systematic errors, which 
if present, would cause a drift in the calculated values of R at different 
values of 6. 


* See Fisher, D. J., A modified coaxial powder x-ray camera: Rev. Sci. Instr. (Accepted 
for publication, probably Dec. 1960) 
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Line Breadth and Exposure Technique 


The accuracy and precision of data obtained from the coaxial camera 
is to a certain extent limited by the breadth of the lines on the film, and 
this in turn can be shown to be governed by the relationship 


Beet oy ape Orr Siad 
l sin? 20 
where B is the line breadth, ¢ the specimen thickness, A the size of the 
limiting collimator aperture, / the distance from the X ray source to the 
specimen, 6 the Bragg angle, m the distance from the limiting collimator 


aperture to the specimen, R the camera radius, ¢ the angle of divergence 


Fic. 4. High resolution trace pattern. 


of the x-ray beam and y the angular range of reflection of the crystal. A 
point source of x-rays is assumed. 

Two essentially different exposure techniques are possible depending 
upon the degree of accuracy sought from the data; for photographs of the 
highest resolution and finest line breadth, such as for calibration or for 
the resolution of closely spaced doublets, a slit collimator (0.1 mm. by 
0.6 mm.) is desirable. The slit should be in the same plane as the «x-ray 
tube target, or as nearly so as possible; when this condition is fulfilled the 
x-ray beam has virtually no divergence normal to the plane of the tube 
target but great divergence in that plane, and the diffraction traces are 
focused sharply on two narrow areas of the film and spread out widely on 
all others, as shown in Fig. 4. In the terms of Fig. 2, if the plane of the 
x-ray tube target and the collimator slit is the XZ plane, lines will be 
highly resolved on the film cylinder where it is intercepted by the YZ 
plane. 
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Under these conditions of exposure the line breadth is extremely 
small, even at the lowest angles; the actual breadth of lines is usually 
smaller, in relation to resolution, than that attainable with any other 
type of camera in existence. Exposure times for such photographs are 
of the order of four hours, when the camera is sixteen centimeters from 
the «-ray tube. 

For photographs of lesser accuracy but requiring vastly shorter ex- 
posure times, a rather large circular pinhole collimator is used and the 
specimen is held stationary during exposure. In this circumstance it is 
desirable to use a somewhat coarser specimen and to vary the camera 
angle so that the camera axis is no longer coplanar with the tube target, 


i i id 


Fic. 5. Stationary spot pattern. 


but so that the beam appears perfectly circular at the exit port. Photo- 
graphs taken using this technique contain the diffraction spots in random 
array on parallel lines as shown in Fig. 5, and any flattening of the beam 
due to incorrect camera angle with respect to the target will be evident 
in that the spots may tend to form sinusoidal curves, as in the previous 
case. 

The continuous reflection from a stationary crystal is far more effective 
in exposing the film than in the previous case since all of the diffracted 
energy is concentrated upon a small spot instead of being swept around 
the film, and exposure times for such photographs may be as brief as a 
few minutes, depending upon the size of the collimator and the nature of 
the specimen. 

Such photographs of isolated spots can provide useful data during the 
study of an unknown lattice since the number of spots along a given line 
is proportional to the multiplicity of equivalent planes in the crystal, 
all other factors being the same. This makes it possible, at an early stage 
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in the study of an unknown lattice, to differentiate between basal reflec- 
tions, octahedral reflections and so forth by simply counting the number 
of spots having a common value of Z. 


TaBLeE IJ. RELATION oF Z TO OTHER FUNCTIONS 


Z sin? 9 D Q 

5 5.671 0.0076 8.846 0.01278 
6 4.705 0.0109 os 0.01838 

7 4.011 0.0149 6.325 0.02500 
8 3.487 0.0194 5.540 0.03258 
9 3.078 0.0244 4.928 0.04118 
10 2.748 0.0302 4.438 0.05077 
11 2.475 0.0364 4.036 0.06139 
12 3.246 0.0432 3.705 0.0728 
13 2.050 0.0506 3.421 0.0854 
14 1.881 0.0585 3.182 0.0988 
iS LW 0.0670 2.975 0.1130 
16 1.600 0.0760 2.795 0.1280 
17 1.483 0.0855 2.633 0.1442 
18 1.376 0.0955 2.492 0.1610 
19 1.280 0.1060 2.366 0.1786 
20 1.192 0.1170 BD 0.1972 
21 1.110 0.1285 2.149 0.2165 
22 1.036 0.1403 2.058 0.2361 
23 0.966 0.1526 1.972 0.2571 
24 0.900 0.1654 1.895 0.2785 
25 0.839 0.1786 1.824 0.3006 
26 0.781 0.1922 1.756 0.3243 
27 0.726 0.2061 1.696 0.3477 
28 0.674 0.2204 1.040 0.3718 
29 0.625 0.2350 1.590 0.3956 
30 0.577 0.2500 1.542 0.4206 
31 0.532 0.2652 1.495 0.4474 
32 0.488 0.2809 1.454 0.4730 
33 0.445 0.2970 1.413 0.5009 
34 0.404 0.3125 1.378 0.5198 
a 0.364 0.3295 1.342 0.5553 
36 0.324 0.3457 1.310 0.5827 
Sf 0.287 0.3624 1.280 0.6104 
38 0.249 0.3795 1250 0.6400 
39 0.213 0.3960 1.225 0.664 
40 0.176 0.4132 1.198 0.6968 
41 0.141 0.4305 1.174 0.7255 
42 0.105 0.4477 Lo? 0.7535 
43 0.070 0.4651 1.130 0.7831 
44 0.035 0.4826 1.109 0.8131 
45 0 0.5000 ib 0.8417 
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Elimination of Systematic Errors 


In a properly constructed camera defining the Z=0 position by fiducial 
spots as suggested by Fisher, and using a thin specimen and slit colli- 
mator as discussed previously, the only remaining source of error of a 
systematic nature is that of misalignment of the film cylinder with re- 
spect to the x-ray beam. 

The effect of a coaxial misplacement of the camera axis so that it lies in 
the YZ plane is to tend to reduce the Z value of a given trace in one of 
the two areas of high resolution and to increase it in the other by the 
same amount. Correction therefore simply involves reading the Z values 
independently for each of the two areas and averaging them together, a 
desirable course of action in any case since it reduces random errors of 
observation. Misalignment of the film cylinder so that its axis lies in the 
XZ plane is of no consequence since it affects the film only at those posi- 
tions where the lines have a maximum breadth and where precise Z values 
would not be expected. 


A pplication to Lattice Parameter Determination 


The use of data from the coaxial camera is an indirect process since it 
involves conversion to sin? 6 or Q terms which may be used in the least 
squares treatment. In an earlier article (1), the application of data from 
the coaxial camera was used to calculate the lattice parameters of iodine 
by the Cohen least squares method (3). Although the Cohen method may 
be used with data from the coaxial camera it involves an unnecessary 
analytical extrapolation based upon the error characteristics of the 
Debye-Scherrer camera. A different least squares treatment, rigidly ap- 
plicable to data from the coaxial camera, will be presented elsewhere. 

Useful values relating Z to other functions are given in Table IT. 
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A NOTE ON THE STRAIN-DEPENDENCE 
OF REFRACTIVE INDEX IN CRYSTALS 


Epwarp H. PoInDexteR, California Research Corporation 
La Habra, California. 


b 


The refractive index of a substance is closely related to the atomic 
property of polarizability. In any study of the strain-dependence of re- 
fractive index, one must ultimately consider the strain-dependence of the 
polarizability. In a previous paper (1) this author presented a mathe- 
matical expression governing polarizability. Subsequently, it was dis- 
covered that the expression could be simplified, and that it then became 
nearly identical to the result obtained by earlier authors. Here, the 
mathematical simplification is presented, and a few comments on the 
physical significance of the result are offered. 

Polarizability is fundamentally a measure of the distortion produced 
in the electron distribution within the refracting substance by the inci- 
dent light wave. Formally, polarizability may be defined by the relation 


B! = — doF”. 


Here, #’ is the increment to the steady-state energy of the system. This 
increment is due to the interaction of the electrons and the electric field 
associated with the light wave. The field strength is F, the polarizability 
is a. The relation is valid for static fields and for alternating fields (light), 
so long as the frequency is below the value necessary to excite the elec- 
trons to a more nearly permanent higher energy state; 1.e., below an 
absorption band. 

Polarizability may be approximately calculated from a knowledge of 
the electron distribution. The formula given below relates the polariza- 
bility of a single bonding electron to its wave function; this is the mathe- 
matical expression mentioned in the first paragraph. The formula was 
derived in a dissertation (2). 


+20 2 
222dxd d: | 
812me? EMM i z : 
h? ) 
: if vz ad dxdydz 
OZ 


As written here, a minus sign appears before the right side; an error was 
made in the original derivation. Also, the more conventional y has been 
used for the electron distribution function, instead of ¢. The proton mass 
is m; the electron charge is e; Planck’s constant is h. 

The denominator may be integrated by parts. We have the formula 


a= 
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We substitute as follows: 


Ow ow 
du = dz = ¥dy — py —dx —y— dy. 
Ox oy 


We at first integrate with respect to z, while we hold x and y constant. 
y? 
dv =ydy or v= Sine 


We then obtain the relation: 


Meee ee = il ee 


The first term on the right vanishes, since ¥” varies essentially as 
exp (—+/2?-+ y2-+z2) and thus goes to zero much faster than g tends to in- 
finity. The second term is simply —[(%)-1] or —3, because y was assumed 
normalized in the original derivation. 

Returning to equation (1), we obtain a new result: 


= a= TSS. ee savas | 


This integral represents the second moment of the electronic charge 
distribution, again of a single electron. Since we have assumed a normal- 
ized wy, the integral also represents the mean square deviation of the 
electron from its average position, i.e., (g—2)?. 

The quantity 167’me?/h? is equal to 4/ao, where ay is the Bohr radius 
for a hydrogen atom in the ground state. We may then substitute and ob- 
tain the new relation: 


4 n 
Det MO (2) 


ao 
This is now similar to the expression given by Hirschfelder (3), based 
on work by Hylleraas (4), Hasse (5), and Kirkwood (6), which is: 


ALIN 
a = —[( —#)*— (N— 1) — A (a — DI. (3) 


The total number of electrons considered is V. The term in 2; and 2» rep- 
resents the mean correlation between two electrons. If we consider only 
one electron, equation (3) reduces to equation (2). 

Abbott and Bolton (7) have observed that polarizability may be pro- 
portional to the fourth power of a linear dimension. This may be seen 
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from equation (2) if it is assumed that it is possible to expand or con- 
tract a bound electron’s wave function uniformly. It might be expected 
that bonding electrons in a covalent crystal would approximate such be- 
havior. A covalent electron circulates around at least two nuclei, so its 
wave function is more directly affected by any change in internuclear 
spacing. We would not expect any simple first-order effect in ionic crys- 
tals. In the idealized, simplified covalent crystal, a reduction in inter- 
nuclear spacing, perhaps caused by externally applied stress, would lead 
to a rapid reduction in polarizability. 

Polarizability is commonly related to refractive index by the some- 
what empirical Lorentz-Lorenz formula 


n> — I 4 L 

w+2 3M" 
Here, 1 is Avogadro’s number, p is density, and M is the molecular 
weight associated with the unit for which a is defined. This formula, as 
well as that of Drude and of Kurz and Ward, contains a term in ap. A 
third power dependence of a upon a linear dimension, i.e., an inverse 
first power dependence upon density, would lead to no change in refrac- 
tive index upon compression of the substance. A fourth power dependence 
would lead to a reduction in the index upon compression. 

In equation (3), the correlation terms in 21, 22 are of significance be- 
cause of the mutual repulsion of electrons. These terms would become 
more significant as the interatomic distance is reduced. As a qualitative 
estimate, one might expect that repulsion between electrons would tend 
to prevent proportional collapse of the wave function with reduction in 
internuclear spacing. This would mean that polarizability would not de- 
cline in accord with the fourth power of the internuclear spacing. It is in- 
advisable, however, to draw any conclusions from this crude reasoning. 
The actual disposition of electronic wave functions and dependent prop- 
erties is often entirely nonintuitive. 

No rigorous calculations of the strain-dependence of polarizability 
have been made for any system more complex than the hydrogen mole- 
cule. Furthermore, experimental determinations of dn/dp for such 
simple covalent crystals as diamond are too inaccurate to establish with 
certainty even the sign of the change. 

I wish to thank Dr. Lee Stephenson and Dr. William Holser for their 
helpful discussions of this subject. 
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BERTRANDITE FROM MICA CREEK, QUEENSLAND 


R. H. VERNON AND K. L. Witiiams, Mineragraphic Investigations, 
Commonwealth Scientific and Industrial Research Organization, 
University of Melbourne, Parkville, Victoria. 


Bertrandite, Bes(OH).Sis07, a mineral whose occurrence in Australia 
has not previously been recorded, has been observed in a beryl-bearing 
pegmatite from the Mica Creek area, near Mt. Isa, Queensland. Speci- 
mens of this pegmatite were submitted to the Mineragraphic Investiga- 
tions section of the Commonwealth Scientific and Industrial Research 
Organization by Mr. A. K. Denmead, Chief Geologist of the Queensland 
Geological Survey. An analysis of one of the specimens was reported as 
follows: 

S102 54.9 
Al,O3 ih Al 
FeO; 2.6 
BeO Seal 
MgO 0.9 
CaO — 
K,O 3.9 
H,Ot Ded 
H,O7- 0.2 


Total 98.5 wt. per cent 


The analyzed specimen is a micaceous pseudomorph after beryl, but, 
despite the extensive alteration, the analysis shows 13.1 per cent BeO, 
compared with 13.4 per cent BeO previously found for unaltered beryl 
from the same locality. The other specimens are mostly composed of 
massive mica, without apparent beryl, and such material has been re- 
ported to assay up to 14.1 per cent BeO. 

Examination of thin sections has shown that the specimens consist of 
bertrandite, residual beryl, abundant fine-grained mica, quartz, albite, 
and limonitic material. Bertrandite contains 42.0 per cent BeO, which 
explains the high BeO contents reported in the analyses. 
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The bertrandite is colorless when viewed under the binocular micro- 
scope and in thin section. It is biaxial negative, and its refractive indices 
(measured in sodium light by the immersion method) are a=1.589 
+ 0.003, B= 1.603+0.002 and y=1.613+0.002 (y—a=0.024). Its bire- 
fringence, as measured with the Berek compensator, is 0.025. Its 2V, 
calculated from the refractive indices, is approximately 80°. It shows 
weak dispersion, r<v. The bertrandite has two good cleavages parallel to 
(001) and (010), assuming X=a, Y=6 (Winchell and Winchell, 1951, p. 
479). Some sections also show a weak cleavage parallel to (100) and a 
weak oblique ?(110) cleavage. Some grains show simple twinning, but the 
trisector twinning described and figured by Phemister (1940) and others 
was not observed. 

The bertrandite grains always show negative elongation, indicating 
that they are tabular, flattened parallel to (001). 

An «x-ray powder diffraction pattern of the Mica Creek bertrandite, 
prepared from material drilled from a thin section, matches exactly a 
pattern of bertrandite from Mt. Antero, Colorado (Table 1). The Mt. 
Antero specimen was kindly provided by Dr. Brian Mason, of the Ameri- 
can Museum of Natural History. 

Bertrandite is present in all of the specimens examined. It comprises up 
to 30 and locally even 50 volume per cent of some specimens, and it is 


TABLE 1. BERTRANDITE Be;(OH)2Si:0;—X-Ray POWDER PATTERN 


Bertrandite, Mica Creek, Queenslandt 
CuKae, radiation; \= 1.5405 A Camera diameter 114.6 mm. 


d(A)* Test.) d(A)* iis Re ors (ON) 3 Test.) CA |= eee 
7.56 1 2.02 Orde i} 15305 4 0.940 0.5 
4.85 <0)2 1.983 y 1951 i 0.899 | 0.5b 
4.38 10 1.923 Oro uk fess 0.5 0.860 1 
3.94 4 178% OP 5am sie 20 2b 0.843 0.2 
3.80 0.7 1.698 (eon leeieto/ 1b 0.838 0.3 
3.19 9 1.650 1 eat 1.5 0.828 0.5 
{2.93 1 1.628 <0.2 1.105 0.3 0.813 2 
\2.88 1 1.579 0.3 | 1.090 | <0.2 0.800 | 0.2 
2.54 8 1.555 3 1.076 1 0.790 1 
2.42 0.5 1.491 pee 1057) a2 0.783 1 
2.28 6 1.465 3 TV uh 2 Orr7s 1 
22 6 1.440 1 0.986 0.2b 

DoS 0.2 1.363 0.2 | 0.970 0.2b 

2.10 0.3 1.338 0.3 | 0.953 <0.2 


* Interplanar spacings corrected for film shrinkage. 
+ An identical pattern was obtained for bertrandite from Mt. Antero, Colorado. 


b Denotes broad line. 
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most abundant where beryl is absent. It occurs as scattered, generally 
subhedral, prismatic grains up to 2.3 mm. long and 0.5 mm. wide, and 
also as aggregates of prismatic to granular grains. It is generally enclosed 
in areas of fine-grained, yellowish green, sericitic mica (Fig. 1). Such 
areas may be veinlets in large crystals of beryl; more commonly they are 
more extensive, and the most completely altered specimens consist of 
sericitic mica containing scattered residual grains of beryl, beryl plus 
bertrandite, or bertrandite alone. Most of the bertrandite shows marginal 
replacement by the mica. A pure bertrandite concentrate for analysis was 


Fic. 1. Bertrandite (largely at extinction) intergrown with and partly replaced by 
fine-grained sericitic mica. Transmitted light, crossed nicols. X60. 


not prepared, because of the intimate nature of the bertrandite-mica 
intergrowths (Fig. 1). 

The beryl has commonly been extensively altered along fractures to 
sericitic mica. The optical continuity of the beryl residuals and the hex- 
agonal form of the pseudomorphs indicate that some of the original beryl 
crystals were up to ten or more centimeters long and several centimeters 
wide. The beryl is uniaxial negative and has w=1.570+0.002 and 
€=0.565+0.002 (sodium light). 

Less abundant constituents of these specimens include muscovite, 
quartz and albite. The muscovite occurs in small patches containing 
flakes averaging 0.3 mm. long and, more rarely, as “books” up to 2 cm. 
wide and several mm. thick. X-ray powder diffraction photographs of 
both the muscovite and fine-grained ‘“‘sericite’”’ were prepared, and dis- 
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tinctly different patterns were obtained. The differences are due to poly- 
morphism, and comparison with the x-ray data of Yoder and Eugster 
(1955) suggests that the coarse-grained ‘‘books” of mica consist of musco- 
vite with a two-layer monoclinic (2M) structure, whereas the fine- 
grained “‘sericite” has a one-layer monoclinic (1M) structure. Yoder and 
Eugster indicated that 1M muscovite polymorphs are not uncommon in 
nature, and suggested by analogy with experimental results, that they 
would form most commonly in relatively low temperature geological en- 
vironments, namely ‘“‘the sediments, low grade metamorphic rocks, 
secondary alteration zones, and some pegmatite deposits” (p. 249). The 
present occurrence is in accord with this concept. 

Quartz occurs as scattered grains, up to 0.5 mm. wide, intergrown with 
beryl or enclosed in the sericite. Albite is slightly more common, occur- 
ring as small inclusions in the sericite and also as larger aggregates, up 
to 3.5 cm. across. 

One specimen consists mainly of felspar and quartz, with a few hex- 
agonal micaceous pseudomorphs after beryl, up to 5 cm. long. These sug- 
gest that the alteration has affected the beryl, but not the adjacent 
felspar. The sericite-rich specimens, therefore, presumably represent 
large, altered crystals of beryl or local phases of the pegmatite in which 
felspar has also been converted to mica. 

Since bertrandite is most abundant where beryl is absent, it appears 
most probable that the bertrandite was formed during the alteration of 
the beryl, with the beryllium from the beryl entering the hydrous ber- 
trandite. The fact that most of the bertrandite also shows marginal re- 
placement by the sericitic mica suggests that it was formed by hydro- 
thermal processes and not by the later action of meteoric waters. 

Apart from accounting for the apparently anomalous analyses, this 
discovery of bertrandite also shows that material rich in beryllium may 
easily be overlooked in the field. In the Mica Creek specimens, the ber- 
trandite could only be detected by microscopic examination and, more- 
over, the specimens containing the most bertrandite are those which are 
least impressive in hand specimen—massive aggregates of fine-grained 
greenish mica which display no obvious evidence of their high beryllium 


content. 
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CHALCEDONY AND QUARTZ CRYSTALS IN SILICIFIED CORAL 
Ernest H. Lunn, University of Oregon, Eugene, Oregon. 


Silicified corals and mollusks from the Tampa formation at Ballast 
Point, Florida are well-known for their intrinsic beauty and exceptionally 
good preservation. Ballast Point has been a popular collecting ground for 
professional scientists and amateurs alike, and by as early as 1842 fine 
specimens were reported by Conrad (1846) to be rare. Occasionally good 
specimen material is still found by collectors who are willing to grabble 
through the mud adjacent to the Point at low tide. 

The silicified coral masses from Ballast Point are of varying sizes and 
shapes. Some are globose and range up to a foot or more in diameter, some 
are tubular, and others are irregular in shape. Many of the masses are 
hollow, and the preserved “‘shell” is commonly only 2 or 3 cm thick or less. 
The ‘‘shell” is characteristically comprised of two distinct layers. The 
outer layer consists of replaced coral in which the features are preserved 
in remarkable detail, and the inner part consists of either banded 
chalcedony or banded chalcedony over which quartz crystals have grown. 
Most of the hollow forms are lined with colloform chalcedony, a few are 
lined with small quartz crystals, and less commonly specimens are parti- 
tioned and lined with both kinds of material, each in a separate chamber. 

Two of the partitioned variety were collected and lent to the writer by 
Meade Norman, who was at the time a student of his at Florida State 
University. The two specimens are essentially alike and differ only in 
such minor details as size, shape, thickness of chalcedony bands, and size 
of quartz crystals. 

In the specimen shown in Fig. 1, the wall ranges in thickness from 
about 1 to 2 cm. The outer layer in which the coral structures are pre- 
served ranges from less than 1 mm. to about 2 cm. thick. The next is a 
series of very thin layers of white and gray chalcedony. Part of these 
layers appears to have been removed by corrosion, and they are therefore 
not continuous. They are common to the walls of both chambers, how- 
ever, so were deposited before the partition which separates the interior 
into two distinct chambers was completed. 

Covering the first series of chalcedony layers is a second series which is 
not so finely laminated as the first. The earlier part of the second series is 
a thin yellowish layer that is discontinuous because of corrosion, but is 
common to the walls of both chambers. It grades into a thicker layer of 
brown chalcedony. During the deposition of the second series the parti- 
tion, consisting partly of replaced coral, was completed, On one side of 
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the partition the brown chalcedony continued to be deposited for a time, 
but on the other side its deposition apparently stopped much sooner, for 
on the one side the thickness is about 2 to 3 times that on the other side. 
In the one chamber where chalcedony continued being deposited, the 
interior is lined with a thin white layer with a botryoidal surface. In the 
other chamber quartz crystals were developed and they line the interior 
of that chamber. The total thickness of deposited silica in both chambers 
is about equal. Details in the layering and similar total thickness of de- 


Fic. 1. Exterior and interior views of silicified coral. 


posited silica in both chambers suggest that both the chalcedony and the 
coarsely crystalline quartz were deposited at the same time and at about 
the same rate. This poses a problem in the genesis of the silica. 

The silicification of the corals and other fossils at Ballast Point is part 
of the general silicification that has taken place in the Tampa formation 
there. The silicified part of the formation has been referred to as the ‘‘silex 
bed,” although it has no stratigraphic significance. Cooke and Mossom 
(1929) believe the silicification is a surface or near-surface process and 
that it is still going on. They state that the famous ‘‘silex bed” of Ballast 
Point is merely a superficial accumulation and that it is not confined to 
any particular stratigraphic level. In places the near-surface part of the 
formation consists almost wholly of chert in which fossil molds and silici- 


fied forms are abundant. 
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A basic premise to solving the problem of the silicification of the Ballast 
Point fossils is that silica is transported in true molecular solution rather 
than in colloidal solution or suspension. Until recently geologists gen- 
erally believed that silica in natural water is in a colloidal state rather 
than in true molecular or ionic solution. Observations by Alexander, 
Heston, and Iler (1954) indicate that silica in low concentrations is in 
true solution. They found the solubility of amorphous silica to be be- 
tween 120 and 140 p.p.m. at 25° C. and in the pH range between 5 and 8. 
Later observations by Krauskopf (1956) and White, Brannoch, and 
Murata (1956) are in accordance with those of Alexander and co-workers. 
Krauskopf states: 

“Tn natural waters silica may be in either colloidal or in true solutions, but the col- 
loidal particles are unstable and will disappear spontaneously in the course of a few days 


or weeks (provided total silica is less than about 100 p.p.m.). Hence the great majority of 
natural waters should have silica in true solution only.” 


The solubility of amorphous silica is about 10 times that of alpha 
quartz. Two values calculated by Siever (1957) are 7.25 p.p.m. and 14 
p-p.m. 

Most ground waters are low in dissolved silica. The Data of Geo- 
chemistry (1924) gives values ranging from 5 to 30 p.p.m. The subsurface 
water at Ballast Point is probably no exception. 

Closely related to the concept that silica in natural waters is trans- 
ported as a colloid is the belief that chalcedony is formed first as a gel 
from the colloidal silica and is later reconstituted into crystalline chal- 
cedony. This origin for chalcedony is plausible in certain cases, as with 
the waters of many hot springs in which the amount of dissolved silica is 
unusually high, but it seems not to be applicable to a situation in which 
ordinary groundwater is the solvent. I therefore believe that both the 
quartz crystals and the banded chalcedony in the coral specimens were 
deposited as quartz from true solutions. The specimens indicate that 
chalcedony and quartz crystals can form under similar conditions of tem- 
perature, pressure, and concentration of silica in solution. 

A feature that may give a clue to why two varieties of quartz have 
formed under essentially the same environmental conditions is a small 
opening a few millimeters in diameter in the wall of the chalcedony-lined 
chamber. The wall of the chamber lined with quartz contains no visible 
openings. The opening in the wall of one chamber gave the solutions free 
access, and perhaps at times permitted the cavity to be drained. In this 
chamber chalcedony was precipitated. In the other chamber, the relative 
imperviousness of the wall probably allowed the chamber to remain con- 
tinuously filled with silica-bearing solutions, and quartz crystals were 
able to grow in this aqueous medium. 
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VOLBORTHITE FROM BRITISH COLUMBIA 
J. L. JAmMBor, Olfawa, Canada. 


Volborthite, Cu;(VOz)2:3H20, is present as a weathering product of a 
thin, interlava sedimentary rock of Upper Triassic age which crops out 
west of Menzies Bay on Vancouver Island, and north of Gowland Har- 
bour on Quadra Island, British Columbia. 

The vanadium-bearing rock is a black, extremely finely laminated, fos- 
siliferous, non-clastic sediment which consists chiefly of carbonaceous 
matter and microcrystalline to cryptocrystalline quartz. Spectrographic 
analyses indicate that the carbonaceous material contains vanadium. 
Hypogene chalcocite is generally an additional major constituent of the 
sediment, in some cases making up over 50% of the rock. The associated 
volcanic flows are predominantly pillowform and massive porphyritic 
basalts, andesites, and spilites which are commonly amygdaloidal. The 
amygdule material is largely quartz, calcite, chlorite, zeolites, epidote, 
and pumpellyite. Prehnite, chalcocite, chalcopyrite, bornite, and native 
copper, as amygdule fillings, are widespread in small amounts; analcite, 
heulandite, and greenockite are of rare occurrence. 

Minor quantities of volborthite coat exposed surfaces of the laminated 
sediment, but the mineral is more abundant along planes exposed by 
splitting the rock along the laminae. 


PHYSICAL PROPERTIES 


The vanadate assumes many colors and habits, most of which are 
briefly summarized below: 
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Dark green to yellowish green, habit massive, compact, with good 
cleavage. Scaly crusts and rosette-like, honey-combed, or boxwork-like 
aggregates. Scales with a triangular or hexagonal outline, occasionally 
with impurities some distance from the center arranged in a hexagonal 
outline. Scaly bright yellow to brownish yellow incrustations on massive 
or cleavable emerald green to dark green hexagonal cores of up to 0.6 mm. 
diameter. Yellow, brownish yellow, light brown, and blackish brown, 
with habit flocculent or reticulated; also radiating fibrous and circular in 
outline, occurring singly or in groups, usually with a succession of colored 
zones and a minute, massive, central teat. Less commonly bright yellow 
and spherulitic. 

Most of the British Columbia volborthite is yellow or brownish yellow. 
The mineral is translucent in immersion oil, and not pleochroic. Lamellar 
twinning is common; the units are length fast and are twinned in a plane 
almost perpendicular to perfect (001) cleavage. Rare plaid twinning was 
also observed. The measured indices, determined on yellowish green 
scales and cleavage fragments, depart greatly from those reported in the 
literature: 


a 1.793 + .005 Biaxial negative 
B 1.801 + .005 (—) 2V large 
y 1.816 + .005 aa 


Dilute acids readily attack the mineral, turning it reddish-brown and 
leaving a clear silica residue. The results of several spectrographic anal- 
yses are given in Table I. Abundant water is yielded in the closed tube. 


TABLE 1. SPECTROGRAPHIC ANALYSES OF B.C. VOLBORTHITE 


Habit Major Minor Strong trace 
Flocculent Cu, V SIAL Ca 
Flocculent Cu, V Al SiCai 
Hexagonal cores! Cu, V Si Fe, Al 
Rosette scales Cu, V Si Al, Mg, Ca 


‘ Tdentical results were obtained from three separate analyses. Ca is present in trace 
amounts. 


X-ray powder photographs of volborthite were taken with 57.3 and 
114.59 mm. diameter Philips cameras, using nickel-filtered copper radia- 
tion. The observed intensities and measured spacings (corrected for 
shrinkage) are listed in Table II. 

The British Columbia volborthite is associated with abundant mala- 
chite and brochantite, and small amounts of cuprite, tenorite, azurite, 
calcite, cyanotrichite, connellite, and an unidentified light blue hydrous 
copper sulphate. Although carnotite was reported from the locality by 
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TaBLeE II. VoLBortHITE; X-RAy PowbER PATTERN 


I d(meas) A I d(meas) A it d(meas) A 
1 7.9 3 2.64 4 1.79 
10 7.18 6 2 UI 4 Lai 
5 Selo << 2.46 3 1.68 
3 4.43 6 2.39 3 eS 
3 4.26 3 2.28 3 1255 
2 4.10 2 DIS} 5 io 
4 3.59 3 2213 3 1.50 
2 3.10 3 2.04 1 1.49 
4 3.00 <5 1.96 1 1.47 
6 2.88 5 1.92 1 1.46 
2 Det 3 1.80 2 1.44 
1 1.43 


Ellsworth (1932), no additional carnotite or uranium minerals have been 
found in the area. The maximum reported value of V2O; in the sediment 
is over 3 per cent, but the lack of sufficient quantities of the copper and 
vanadium-bearing rock has resulted in the deposits generally being classi- 
fied as uneconomical. 
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THE BULK COMPOSITION OF A ZONED CRYSTAL* 
ANDREW Griscom, U.S. Geological Survey, Washingion, D.C. 


Quantitative petrographic studies often require an estimate of the 
bulk composition of zoned crystals, such as plagioclase feldspars. Bowen 
(1928, p. 143) pointed out in this connection that “the outer shell of a 
crystal requires to have only about one-tenth the thickness of the whole 
crystal in order to constitute half the volume.” X-ray or oil immersion 
methods of bulk composition determination suffer from similar diff- 


* Publication authorized by the Director, U. S. Geological Survey. 
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culties and, furthermore, require extracting the entire grain from the 
rock. Chemical analysis, homogenization, refractive index of glass, or 
specific gravity determination also require removal of the entire grain. A 
simple and direct method is based upon measurements of zoned crystals 


in thin section. It is assumed that the compositional variation can be ex- | 
pressed by two components and that the section cuts the nucleus of the | 


grain being studied. 


Let r be the distance from the nucleus of a crystal to any point on the } 


rim and let x be some lesser distance from the nucleus along this line. 
Let V be the volume of the crystal and V, be the volume at the earlier 
moment of growth when x was on the rim, with the assumption that 
there has been no change in crystal shape throughout growth. Then: 


(1) V = kr 
(2) Ve Roe 
(3) ONY Speck. 


Further, let D be the composition difference between the nucleus and the — 


rim, and let D, be the composition difference between the nucleus and x. 
As a first approximation many crystals are zoned so that D, can be ex- 
pressed as some power function of x, or, specifically «/r, in order to nor- 
malize the measuring unit: 

x Pp 
(4) D, = av = D(=)’. 
Even in the case of discontinuously zoned crystals or limited zone re- 
versals, a plot of composition against radius can often be arbitrarily 
smoothed to approximate a power function. It is assumed that this power 
function holds for any direction of r, i.e. that p and a are constant. 

In order to compute the bulk composition we need to know the average 
composition difference (D,,) between the nucleus and the rim. This dif- 
ference is added to the composition of the nucleus to obtain the bulk 
composition of the crystal. As is the case for any average property of a 
variable sample, Day is computed by summing the products of the in- 
dividual increments of volume (dV,) by their composition difference 
(D,) and dividing this sum by the total volume of the crystal. This is ex- 
pressed in integral form as: 


(5) Day herr NY 


SHON 72" 3D 
(6) 1D} hs al xP t dx = ——— « 
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This result may then be added to the nucleus composition to give the bulk 
composition. 

Fig. 1 provides a graphical solution for bulk composition and a way to 
approximate p. A plot of normalized composition difference against 
normalized radius is made for the crystal concerned and scaled to match 
Fig. 1. Then the two diagrams are superimposed and the approximating 
power function ascertained, interpolating when necessary. The inter- 
section of this power function with the bulk composition curve (indi- 
cated by the heavy line on the right side of the diagram) determines the 
bulk composition. This may be read off the vertical scale. As a simplified 
example let us imagine a zoned plagioclase crystal ranging from Ango at 
the nucleus to Anjo on the edge. Suppose the crystal has a composition 
against radius plot which approximates a power function where p equals 
7. This power function will intersect the bulk composition curve at a 


NUCLEUS PERCENTAGE OF DISTANCE FROM CRYSTAL NUCLEUS TO RIM RIM 
10 20 30 40 50 60 70 

2° oe =; 
a 
=] 
o 
> 
2 

10 
= 20 
« 
oO 
z 
.-¢ 
n 
> 
ake) 
=) 
Oo 
=) 
z 
z. 
we . 
= 40 4 
= 
w 
o 
w as 
oO vA 
z 
w SS 
ty 80 se 4 
iva 
i 
e \ 
=) 
<= 
z 
So 
= 60 
yn 
o 
a 
= 
° 
oO 
we 
° 70 
w 
°o 
a 
a 
Fe CURVE CONNECTS POINTS WHERE BULK COMPOSITION 2, 
Oo 
ia | EQUALS LOCAL COMPOSITION 
a 80 

90+ 
z 
&i00 ol — aall. zi Th n 


Fic. 1. Graph used to approximate the bulk composition of 
certain zoned crystals. Explanation in text. 
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point (shown as a dot on the figure) which is compositionally thirty per- 
cent of the way from Ang to Angy. Hence the bulk composition is Angi. 
The horizontal intercept of this point is about 84, indicating that the 
Ans: position is .84 of the way from the center out to the rim. The result 
may also be computed from relation (6). 


Some crystals have a composition distribution so complex that a piece- | 


meal integration is necessary if one wishes to know the bulk composition. 
However experience indicates that many rocks do contain crystals having 
a composition distribution which can be approximated by a power func- 
tion. For these rocks the method finds useful application. The method is 


equally applicable for determining the bulk composition of one zone of a | 


complexly zoned crystal should the composition distribution between the 
inner and outer edges of the zone approximate a power function. 
REFERENCE 


Bowen, N. L. (1928), The evolution of the igneous rocks: Princeton Univ. Press, Prince- 
ton, New Jersey. 


We regret to announce the deaths of two Fellows of the Mineralogical 
Society of America: 


Dr. A. B. Edwards, The University of Melbourne, Melbourne, 
Australia. 
Dr. John T. Lonsdale, University of Texas, Austin, Texas. 


Dr. Paul F. Kerr, Newberry Professor of Mineralogy at Columbia 


University, has been spending eight weeks at the University of Oslo, as | 


NATO guest professor in the Department of Geology. 


A forty page booklet on the minerals of Boron, California, has been | 
published by the Mineral Research Society of California, at Montebello, 
California, with Earl Pemberton as editor. A short account of the history | 


and geology is followed by brief descriptions and some photographs of 21 
of the most significant minerals of this locality. 


NEW MINERAL NAMES 
Fleischerite, Itoite 


C. FRONDEL AND H. Srrunz. Fleischerit und Itoit, zwei neue Germanium-Mineralien von 
Tsumeb. Neues. Jahrb. Mineral., Montash. 1960, 132-142 (English summary). 


The minerals were found in the upper oxidation zone of the Tsumeb Mine, associated 
with cerussite, mimetite, and altered tennantite, also as a crust on plumbojarosite and 
mimetite on dolomite. A preliminary description of fleischerite (unnamed) was given by 
Frondel and Ito in Am. Mineral. 42, 747 (1957). 

Fleischerite occurs as white to pale rose fibrous aggregates, with silky luster. Analysis 
by Jun Ito gave PbO 63.34, GeO 8.18, Ga2O; 0.86, FexO; 0.05, SO; 15.06, HOt 11.35, 
H207 0.21, insol. 0.56, sum 99.61%, corresponding to Pb;Ge*?(OH)4(SO,)2:4H20. 

Oscillation, rotation, and Laue photographs show fleischerite to be hexagonal, space 
group probably P63/mmc, ao 8.89, co10.86 A. Z=2. Indexed x-ray powder data are given; 

_the strongest lines are 3.619 (10), 2.635 (8), 3.437 (6), 2.214 (6), 1.889 (6). No cleavage was 
observed. 

G. 4.2—4.4 (measured), 4.59 (caled.) Hardness low. 

Optically uniaxial, pos., ms € 1.776, w 1.747. Not fluorescent under UV light, becomes 
rose-violet when irradiated with «-rays. 

DTA study showed a distinct endothermal effect at 263°, a weak endothermal effect at 
314°, and a small exothermal effect at 463°. When heated and observed under the micro- 
scope becomes turbid at 175—200°, inverts to an isotropic phase at 465°. When ground for a 
long time in an agate mortar, inverts to itoite by loss of water and oxidation of Ge’? to Ge. 

The name is for Michael Fleischer of the U. S. Geological Survey; the name has also 
been used for wurtzite-6H (Am. Mineral. 36, p. 639-640 (1951). 

Itoite was found as fine-grained pseudomorphs after fleischerite. It has mean n 1.84— 
1.85. White, luster silky. Qualitative analysis and spectrographic study showed only Pb, 
Ge, and sulfate. The x-ray powder diagram is identical with that of fleischerite heated at 
300° and nearly identical with that of anglesite; the strongest lines are 2.065 (10), 3.326 
(9), 3.003 (9), 4.240 (8), 2.027 (8), 3.209 (7). The composition is formulated as 
Pb:{GeO2(OH)»](SOx)s, i.e. anglesite with one-third of the (SO,) replaced by [GeO2(OH)»]. 
From the powder data, the unit cell is a 8.47, b 5.38, ¢ 6.94 A, Z=4, G. calcd. 6.67. 

The name is for Prof. Tei-ichi Ito, Univ. of Tokyo. 

MICHAEL FLEISCHER 


Coesite 


E. C. T. Cuao, E. M. SHOEMAKER, AND B. M. MapseEwn. First natural occurrence of coesite. 
Science, 132, No. 3421, 220-222 (1960). 


Coesite, the high-pressure polymorph of SiOz, was first made by Coes in 1953. The 
mineral was found as an abundant constituent of the sheared Coconino sandstone at 
Meteor Crater, Arizona, in the debris under the crater floor and in drill cuttings of breccia 
from a depth of 600-650 feet, beneath the crater floor. It has also been found in sandstone 
outside the crater rim, and as a subordinate constituent of glass (lechatelierite) in lake beds 
in the crater. Coesite occurs in irregular grains 5 to more than 50 microns in size. It has 
mean index of refraction 1.595 and very low birefringence. Spectrographic analysis of a 
concentrate containing a little quartz gave more than 99% SiQ». The x-ray pattern was 
identical with that of synthetic coesite. 

Coesite has since been identified by Chao in samples collected by Shoemaker from the 
Rieskessel caldera, Bavaria (Pecora, 1960). 

The properties of synthetic coesite are as follows: G. 3.01 (Coes), 3.01 (Ramsdell), 
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2.93+0.02 (Dachille and Roy), calcd. 2.90. Biaxial, positive, 2V 54° (Coes); biaxial, posi- 
tive, 2V 64° (Boyd and England); biaxial, negative, 2V 61° (Khitarov ef al.); ms a 1.599, 
y 1.604 (Coes), a 1.593+0.002, y 1.597+0.002 (Boyd and England), a 1.594, y 1.59 
(Khitarov et. al.). Hardness (Knoop) 1200 (near Mohs 8) (Coes). 

Monoclinic, a 7.23, b 12.52, c 7.23, 8 120° (Ramsdell); @ 7.17, b 7.17, ¢ 12.38, y 120. 0° 
(Zoltai and Buerger); a 7.16, 6 12.39, c 7.16, 8 120° (Dachille ahd Roy). Powder data ar 
given by Coes, Boyd and England, Khitarov et al., and Dachille and Roy. The strongest) 
lines (average of closely agreeing results by Boyd and England and Dachille and Roy) ar 
3.10 (100), 3.43 (50), 2.69 (15), 1.698-1.716 (10-15). 

Coesite is nearly insoluble in 5% HF at room temperature, but is rapidly dissolved by 
fused NH,HF>». The stability relations and the quartz-coesite transition have been studied) 
by Boyd and England, Dachille and Roy, and MacDonald. An analogous form of BeF» has 
been made by Dachille and Roy. 

The name, proposed by Sosman in 1954, is for Loring Coes, Jr., of the Norton Company,, 
who first synthesized it, | 
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Nakaséite 


Tet-Icat AND HisAsu1 Muraoka. Nakaséite, an andorite-like new mineral. Zeits. Krist, 
113, 93-98 (1960). 


Analysis by H. M. gave Ag 9.3, Cu 4.6, Pb 19.8, Fe 0.5, Zn 1.1, Sb 39.4, S 23.4, SiOo| 
0.2, (CrxO3) 1.2, sum 99.5%. Spectrographic analysis showed Ag, Pb, Sb, and Cu, with 
small amounts of Fe, Bi, Sn, and Cd. (Note—the (Cr2O3) is not explained and Cr is not 
mentioned as being found spectrographically. M.F.) After deducting 10% of argentian | 
tetrahedrite (freibergite) and 2% sphalerite, this gives nearly PbyAg;CuSb,2S», (andorite i is’ 
Pb(Ag, Cu)Sb3S¢). 

X-ray study shows the mineral to be monoclinic, a 13.02+.04, 6 19.18+.05, ¢ 102.24: 

=24X4.26+0.02) A, 8=90°, Z=24(PbsAgsCuSbyS»), G. calcd. 5.379, G. observed 5.30. 
The a and b are essentially identical with those for andorite, but c=244.26, whereas for 
andorite IV and andorite VI, it is 4X4.26 and 64.26 (Donnay and Donnay, Am. Min- 
eral. 39, 161-171 (1954)). Space group P1la. Slightly piezoelectric. X-ray powder data are 
given; they are essentially identical with those for andorite. 

The mineral is ight gray, luster metallic, opaque. Etch tests are given. It occurs in 
gold-bearing stibnite-quartz veins at the Nakasé Mine, Japan, intimately intergrown with 
argentian tetrahedrite and sphalerite. 

The name is for the mine. 
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Discussion.—The authors state that the structural data suggest “that nakaséite is 
no other than a structural variety of andorite. That we propose nevertheless a new mineral 
name is because, apart from the difference in the chemical compositions, it has a very 
complicated twinned lattice essentially different from that of andorite.”’ 

These reasons for a new name seem unconvincing to me. The alleged chemical differ- 
ences, based on a difficult analysis of impure material, do not seem significant. At least 
until these complex structures have been more thoroughly worked out, the material should 
be called andorite XXIV. 

M. F. 


Stranskiite 
H. Srrunz. Stranskiit, ein neues Mineral. Naturwissenschaflen, 47, No. 16, 376 (1960). 


The mineral occurs as radiating aggregates on chalcocite in the 1000 m. level of the 
Tsumeb Mine, S.W. Africa. Color cyan-blue. It is triclinic, @ 5.07, b 6.77, ¢ 5.28 A, 
a iilige B TLSESY Y 86°. The unit cell contains (Zn1.731€0.05M go. 09Cao.10)1.97CU1.07AS1. 90Si0.1008, 
or Zn2Cu(AsOx)2. Analysis not given. Cleavage (010) perfect, (100) good, also (001) and 
(101). Optically biaxial, negative, ms a 1.795, B 1.842, y 1.874, 2V 80°. H. 4, G. 5.23. A 
blue powder, obtained by heating a mixture of ZngAs2O7;+CuO for 14 hours at 850°, gave 
an «-ray powder pattern identical to that of the mineral. The «-ray powder data are not 
given. 

The name is for Professor I. N. Stranski of Berlin. 

M. F. 


Talmessite 


P. BARIAND AND P. Herrin. Un arséniate de calcium et de magnesium, isomorphe de la 
B-roselite. Bull. soc. franc. mineral. et crist., 83, 118-121 (1960). 


The mineral occurs in pale green crystals, less than 0.1 mm., in the zone of oxidation 
of the Talmessi Mine, 35 km. west of Anarak, central Iran, associated with aragonite and 
dolomite. The ore contains abundant niccolite, algodonite, and domeykite. Analysis on 
300 mg. gave AsO; 47.7, CaO 29.5, BaO 3.2, MgO 7.5, NiO 0.8, H2O 6.7, sum 95.4%, 
corresponding to (Caz.29Bao.o9) (Mgo.s5Nio.05) Hi.61(AsOs)1.80. The deviations from the for- 
mula CaxMg(AsOy)2-2H2O may have been due to the presence of aragonite; CO» was not 
determined. 

The indexed x-ray powder pattern is nearly identical with that of beta-roselite (Frondel, 
Am. Mineral. 40, 828-833 (1955)). The strongest lines are 3.10 (10), 3.07 (10), 2.77 (9), 
5.06 and 5.03 (8), 3.57 (8), 3.44 (7), 3.19 (7), 2.82 (7), 1.71 (7). By comparison with beta- 
roselite, this gives a triclinic unit cell with @ 5.89, b 7.69, ¢ 5.56 A, a 112°38’, 8 70°49’, 
zy 119°25’. 

G. 3.421 (measured), 3.491 (calcd.). Biaxial negative, colorless in section, ns a 1.680, 
y 1.69. A thermogravimetric curve shows loss of H2O at 450°. 

An analysis is also given of material called beta-roselite from Bou Azzer, Morocco, 
which contained As,O; 55.9, CaO 27.3, CoO 8.6, MgO 8.6, sum 100.4, corresponding to 
Mgo.s1Coo.45, therefore actually a cobaltoan talmessite. It had G. 3.574 (measured), 3.597 
(caled.) optically biaxial negative, ms a 1.695, y 1.73, pleochroic colorless to pale rose. 

The name is for the mine. 

Discussion.—The name was accepted by the Committee on Nomenclature of the 
French Society, which recommended that a new analysis be made. Evidently there is a 


triclinic series from beta-roselite (Co) to talmessite (Mg). 
M. F. 
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Rusakovite 


E. A. Anxrnovicw. A new vanadium mineral, rusakovite. Zapiski Vses. Mineralog. 
Obshch., 89, 440-447 (1960) (in Russian). 


The mineral occurs in a surface, partially oxidized layer of carbonaceous shale, which 
contains apatite, collophane, vanadium-bearing mica, and sulfides of Cu, Zn, Pb, and V, 
in northwestern Kara-Tau. Steigerite, fervanite, satpaevite, and al’vanite have pre- 
viously been described from these shales (Am. Mineral., 44, 1325-1326 (1959)). 


Analyses of the mineral from Balasauskandyk by S. I. Potok and T. L. Vileshina gave ] 
MgO 1.40, 1.30, tr.; CaO 0.30, 0.20, 0.40; Al2Oz 5.00, 4.80, 5.50; Fe2O3 45.00, 45.30, 43.70; 


SiO» 1.80, 1.60, 2.50; V20, 5.00, 4.80, 5.10; V2O; 16.60, 16.40, 16.13; P20; 6.50, 6.40, 5.80; 
SO» (should be SO; ? M.F.) 1.00, not detd., 1.70; H2O* 13.30, 14.50, 14.60; H2O7~ 5.00, 
4.30, 4.80, total 100.90, 99.60, 100.23%. Neglecting MgO, CaO, SiOx, SOx, and V20,, 
these give (Fe,Al)s [(V,P)O.]2(OH)9-3H2O, with Fe: Al=4:1 and V:P=2:1. A D.T.A. 
curve by K. A. Sosenko showed a very strong endothermal effect at 50-190° and a weak 


one at 280-366° and exothermal effects at 450-535° and 575-610°. The mineral is easily | 


soluble in cold dilute acids. When treated in the closed tube it gives off acid water and 
turns brick-red. 

The mineral occurs as crusts, veinlets, and reniform concretions on a colloidal hydrated 
Fe-Al phosphate of composition 6(Fe,Al)203-P20;-aq., and is replaced by ferri-allo- 
phane and iron hydroxides. Electron microscope photographs by E. I. Soboleva show the 
mineral to be in a form resembling rough splinter-like lamellae. Color yellow-orange to 
reddish-yellow, streak ocher-yellow, luster dull. Hardness 1.5-2, G. (by suspension) 2.73- 
2.80. Under the microscope gold-yellow grains up to a few microns in size, weakly polariz- 
ing, 2 1.833 +0.004 (by G. A. Pashkova). 

X-ray powder data by G. I. Luk’yantsev and E. M. Baigulov are given. The strongest 
lines are 3.21 (10), 2.945 (9), 2.441 (8), 2.140 (7), 1.569 (6), 4.20 (5). Heating at 600° 
gave a different phase; strongest lines 1.691 (10), 1.450 (9), 1.482 (8), 2.689 (7). The 
pattern is distinctly different from those of the I'e-V minerals fervanite and nolanite. 

The name is for Mikhail Petrovich Rusakov, geologist of Kazakhstan. 


Discussion.—If the V.0, is considered part of the mineral, the formula obtained is — 


somewhat different. 
M. F. 


Vaterite 


J. D. C. McConnett. Vaterite from Ballycraigy, Larne, Northern Ireland. Mineralog. 
Mag., 32, 535-544 (1960). 


Vaterite was identified by x-ray study of a very finely fibrous or platy mineral with 


high birefringence in hydrogel pseudomorphs after larnite. This is the first reported | 


natural occurrence, although paramorphs of calcite after vaterite were recently described 
by Hlyinskii, Doklady Akad. Nauk SSSR, v. 121, p. 541 (1958). The artificial compound 
has long been known, see Dana’s System, 7th Ed., 2, 181-182 (1951). 

M. F. 


Mozambikite 


J. M. Coreto Netva anp J. M. Correta Neves. Pegmatites of Alto-Ligonha, Mozam- 
bique, Poruguese East Africa. Internall. Geol. Congress, Rept. 21st Session, Copen- 
hagen, 1960, Pt. 17, p. 53-62 (in English). 


A preliminary report. The mineral occurs in the granite pegmatite at Muiane. The 
analysis “under reservations” gave SiO, 11.00, ThO, 58.80, U;Os 6.04, CaO 0.59, 
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(R.E.)203 8.60, Fe:O3 0.22, AlO; 4.40, H.O 5.33%. X-ray spectrographic analysis also 
showed Zr, Y important; Pb, Er, Gd, “Sa”? (Sm?) and Mn traces. The mineral loses H2O at 
115°. Its structure is the same before and after heating at 1000°; a)=5.704 A. 

The mineral occurs in yellow-brown octahedra. G. 5.24. Index of refraction before 
heating variable, always below 1.735 and frequently 1.690-1.703; after heating at 1000°, 
isotropic with 7 (Na) 1.811. 

“Mozambikite contains lamellar inclusions of lepidolite. Its faces are somewhat cor- 
roded by albite.” 

The name is presumably for Mozambique. The variant in spelling is not explained. 

Discussion.—Insufficient data. The mineral agrees with thorite or thorogummite in 
all respects except (1) in being cubic before being heated; (2) ao is larger than that of pure 
thorianite (5.596 A). 

M. F. 
Unnamed 


Horst SAALFELD. Strukturen des Hydrargillits und der Zwischenstufen beim Entwissern. 
Neues Jahrb. Mineral., Abhandl., 95, 1-87 (1960). 


Single crystals of gibbsite from Aré, Norway, were monoclinic, a 8.676+0.002, b 5.070 
+0.002, ¢ 9.721 +0.003 A, 8 94°34’+ 5’, in agreement with Megaw, Zeztschr. Krist. 87, 185 
(1934). Crystals from Schischimsk, Urals, were in part monoclinic, in part triclinic, in part 
intergrowths of the two forms. The triclinic polymorph has a 17.333, b 10.085, ¢ 7.730 A, 
a 94°10’, 8 92°08’, y 90°00’. The monoclinic dimorph has 2V 0-S°, the triclinic dimorph has 
2V 25-40°. 

IME Ae 
NEW DATA 
Bafertisite 


E. I. SemENov AND P’EI-SHAN CHANG. New mineral bafertisite. Scz. Record (Peking), 3, 
652-655 (1959) (in Russian), through Chem. Abs., 54, 13996 (1960). 


Data given are as in the abstract in Am. Mineral. 45, 754 (1960) with the following 
additions: Analysis SiO, 23.68, TiO2 15.39, Nb2O; 0.84, AlO; 0.29, Fe2O; 1.08, FeO 22.56, 
MgO 0.50, MnO 1.62, CaO 0.37, BaO 29.98, K20 0.12, NazO 0.49, H.O* 1.65, H,O7 1.14, 
Cl 0.63, sum 100.34 (O= Cl.) 0.14=100.20%. The mineral occurs in the Baiyun-Obo de- 
posit, Inner Mongolia. 

M. F. 
Batisite 


S. M. KravcHENKO, E. V. Viasova, AND N. G. PrneEvicu. Batisite, a new mineral. Doklady 
Akad. Nauk SSSR, 133, 657-660 (1960) (in Russian). 


New data added to that given in Am. Mineral. 45, 908-909 (1960) are: Orthorhombic, 
a 10.41 +0.05, b 13.85+0.05, c 8.06+0.02 kX. Optically biaxial, pos., ns a 1.730, 6 1.735, 
y 1.791, all +0.001, 2V 7°, r<v, strong. Insol. in HCl, HNOs, H2SO,. Easily melts B.B. to 
a brown transparent bead. Spectrographic analysis shows 0.0n% V, 0.00n% Pb, Cu; 
0.000n% Be. The formula is NazBaTiz(SizO7)2. X-ray study shows it to be isostructural with 
shcherbakovite, (K, Na, Ba)s(Ti, Nb)2(SixO7)2, which is orthorhombic, not monoclinic as 
originally reported (Am. Mineral. 40, 788 (1955)), and which differs in having K > Na and 
in containing appreciable Nb2O;. Indexed x-ray powder data are given for batisite; the 
strongest lines (appreciably different from the previous report) are 2.91 (10), 3.39 (5), 


2.16 (5), 1.68 (5), and 2.09 (4). 
Mer. 
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LISTING OF FINE MINERAL SPECIMENS 


RUBIES IN CHROME DIOPSIDE MATRIX (Belgian Congo, Africa) Two 1” 
flat hexagonal crystals imbedded in matrix. Very showy—$50.00 


ih BARITE CRYSTAL GROUP (Palos Verdes, Celt) One of the largest ever found. 
9x16 brown crystal group—$75.00 


_ KYANITE GROUP (Minas Geraes, Brazil) 7x12 fine massive crystal group—$17.50 


BERYL var AQUAMARINE CRYSTAL (Brazil) Fine 6x5 green-blue opague 
crystal—$45.00 


_ ZIRCON CRYSTALS IN MATRIX (Ontario, Canada) Two long crystals in 6x9 
ee ~ matrix. Very fine specimen—$40.00 


i AQUAMARINE CRYSTAL (Brazil) Green mostly gemmy 114x214 crystal 172 
¥ grams—$165.00 


_ FIRE OPAL (Virgin Valley, Nevada) 114x2% fire opal limb section—$75.00 


K CUPRITE AND SOME COPPER CRYSTALS. (Santa Rita, New Mexico) Bright © 
2x4 crystal specimen—$15.00 


MINERALS FOR COLLECTIONS & STUDY 


a APATITES IN LIMESTONE MATRIX (Iron Mountain, Durango, Mexico) Fine 
yellow crystal specimens—$1.00, $1.50 and $2.00. Single crystals—25¢, 50¢ & 75¢ 


y KYANITE CRYSTALS (Brazil) Blue crystal blades up to 3”—50¢, 75¢, $1.00 ea. 


- SAPPHIRE CRYSTALS (Mozambique, Africa) Blue opaque crystals. Up to 2x3” 
- specimens—$1.50, $2.50 and $3.00 each 


: RUBY CRYSTALS (Ampanihy, Madagascar) Up to 1” flat Pexpeens crystals— 
75¢, $1.00 and $2.00 each 


. QUARTZ CRYSTALS WITH INCLUSIONS OF PHANTOMS, ETC. (Brazil) 1” 
_to 2% crystals showing 1 or more phantoms and sometimes other inclusions—75¢, 
_ $1.00 & $2.00 


“CHINESE JADE” JADEITE (Mogaung Upper Burma) Cores and cuttings from 
- Hong Kong from Jade cutting factories—$5.00 per Ib.; 3 Ibs. $12.00 


_SPODUMENE var TRIPHANE (Brazil) up to 1” crystals partly clear—3 for $1.00 


SEND FOR LISTINGS—WE ARE BUYERS OF COLLECTIONS 


SHALE’S 


9226 W. Pico Blvd. Los Angeles 35, Calif. 
Phone CR-5-8222 


‘WARD'S BIG GEOLOGY CATALOG 


Our largest and finest geology catalog offers you the widest choice of the best: 


. Mineral, rock and fossil teaching, study and reference collections. | 
. Mineral, rock and soil specimens; individually and in bulk. 
. Special series of reference clay minerals. 


. Individual fossil specimens. 


1 
2 
3 
4 
5. Paleontology and animal kingdom charts. 
6. Light weight plastic relief maps. 

7. Aids for crystallography (models, goniometers, protractors). 
8. Geomorphological models. 
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. Color slides for geology, mineralogy, paleontology; black and white trans- : 


parencies on glaciers, astronomy. 
10. Field and laboratory equipment—the largest listing ever. 
11. Superb selection of the finest storage and display equipment. My 
12. Petrographic supplies; refractive index media. | 
13. Thin section and lapidary equipment. 
14. A full line of weather instrument. 


15. Fluorescence and radiation equipment. 


Ward’s big geology catalog, #603, is the answer to every geologist’s needs. We 
are just as anxious to send you this new catalog as we think you will be to receive. 
it. If you are affiliated with a teaching, industrial or research institution, your copy 
is absolutely free. Just write on your school or business letterhead. Ask for Ward's 

Geology Catalog #603. Y 


W ARD 9 NATURAL SCIENCE ESTABLISHMENT, INC. 
P.O. BOX 1712 ROCHESTER 3, N.Y. 


GEORGE BANTA COMPANY, INC,, MENASHA, WISCONSIN, U.S.A. 
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